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MovanuH A. E.

KaHO. mexH. Hayk, doueHm kaghedpbl UHGhOpMaUyUOHHbIX mexHonoauli Kueeckoli eocydapcmeeHHoU akademuu 800HO20
mpaHcropma, Kues, YkpauHa

ONTUMU3ALMA MHOIMO3KCTPEMAJIbHbIX ®YHKLIUA
BOJIbLWIOIo YNCIA NAPAMETPOB C UCIMNOJIb3OBAHUEM
TEHETUYECKUX AINITOPUTMOB

Jlns popmanbHO chopMyIMPOBAHHOM 3aJauy ONITUMHU3ALMI PACCMOTPEHBI OCHOBHbIE JOCTOMHCTBA U HEOCTATKU KJIACCHUECKUX METOI0B
ee pemreHust. OCBeleHbl OCHOBHBIE IPE/NOCHUIKY IOABICHHS M UCTOPHS Pa3BUTHS aNlapaTa reHeTu4eckux anroputmos. [IpoaHanusupoBaHo
COBPEMEHHOE COCTOsIHUE Oubnuorpaduu, MOCBSIIEHHONH BOIIPOCAM UCIIONb30BAHUS MOMCKOBBIX F€HETHUECKUX alropUTMOB. PaccMoTpeHsl
OCHOBHbBI€ MJIEU U NPHHLMIIBI, JeXallie B OCHOBE pabOThl T'€HETUYECKUX alrOpuTMOB. BhinonHeH 0030p Hambosee 4acTo BCTPEYaeMbIX
IeHETHYECKHX ONEPaTOpOB: KPOCCUHIOBEpa U MyTaluH. JleTabHO IpoaHaIn3UpOBaHbl 0a30BbIE ATAIBI PAOOTHI KIACCHYECKOrO FeHETHYECKOro
anroput™a. PaccMOTpeHBl OCHOBHBIE CIIOCOOBI KOAMPOBAHUS PEIIEHUH B XpoMOCOMax, BbIOOpa map ocobei ais CKpelMBaHMsA, a TaK xkKe
IPE/ICTaBIeHbl HEKOTOPBIE pacupocTpaHeHHble cTpateruu ot6opa. ChopMyaupoBaHbl OCHOBHBIE JOCTOMHCTBA OMHAPHOIO KOIMPOBAHMS
peleHuit B XpoMOCOMax ¢ MpUMEHeHHeM Koja Ipes, a Tak ke JaHbl PEKOMEHJALMM MO HCIOJIb30BAHUIO BEIECTBEHHOIO KOJUPOBAHUS
peleHuil B pa3nuuHbIX cuTyauusx. OnucaHbl Ba OCHOBHBIX KJIacca MapauleIbHbIX I'€HETHUECKUX aJTrOPHTMOB: «OCTPOBOBY» M «MacTep-
pabouunii». [IpuBesieH npuMep UCIIONB30BaHHS T€HETUUECKOTO aIrOPUTMA I ONTUMH3aLUM MHOTO9KCTpEMaIbHON (PyHKINU, 3aBUCAILEH OT
OonbLIero yncia napamerpos. IlpeacraBieHsl SKCIIEpUMEHTAIbHbIE JAHHbIE, IO TBEP KAAIO0IIHE IPEUMYILECTBA HCIIONb30BaHUS rPpapUIecKuX
MPOLECCOPOB AJIsl BBIYMCIEHUI B ITapaJlIeNbHbIX TEHETHUECKUX aIropuT™Max. M310keHbl peKkoMeHJallut 10 LeJIeco00pa3sHOCTH IPUMEHEHUS
FEHETHYECKHUX aJITOPUTMOB B PA3JIMUHBIX CHTYaLUsX.

KnroueBble cioBa: OITUMH3aIus, TE€HEeTUYECKU I AJITOPpUTM, MAT'KUE BBIYHCIICHUSI, TCHETUYECKUE OI€paTOPhbl, KOAUPOBAHUEC pCmCHHﬁ.

HOMEHKJIATYPA t — BpeMs pa6OTI>I TCHETUYCCKOI0 aJIropruT™Ma;

BORF — Building and Optimization of Reconstructed Vx’Vy’Vz — IIPOEKIINH CKOPOCTH TE€UCHHS HA OCH X, ), Z |
Frame; Y — KOOpAMHATa TOYKH B IIOTOKE, IO OCH ),

Pix — TIMKCCIIb, X;j,Z;; — OTHCIBHBIC I'CHBI B XpOMOCOMAX.

PIV — Particle Image Velocimetry; BBEJIEHUE

I'A — renerudeckuil alropurM;
IMI'A — napannenbHbIi TeHETUUECKUI aJITOPUTM;
A — KOHCTaHTa;

Ha npotsoxkennn Bceil cBoel 3BOJIONUHN YETOBEUECTBO
MTOCTOSIHHO CTaJIKUBAJIOCh C Pa3IMYHBIMU 3aJa4aMH OINTH-
mu3anun. [louck kpaTdaifiiero myTd, ONTUMAIbHOE yIpaB-
JIGHUE 3aracaM TOIUIMBA, pa3padOTKa aBTOMATH3UPOBAH-
HBIX CHUCTEM MOMIJICPKKH TPUHSATHUS PEIICHHH, BRIOOp reo-

[al-,bl-] — JIana30H JEHCTBUTENBHBIX 3HAYEHUH, KOTOPBIE
MOKET IIPUHUMATh ONTHMU3UPYEMBIH Mapamerp;

dx — mepeMeleHue; MeTpHUeCcKoi (hOpMbI Ky30Ba aBTOMOGWIIS, IPHU KOTOPOU
D — OrpaHHveHHs, BBUICNSIONHE 001acTh JOMYCTHMBIX  conpoTiBrIeHne BO3IyXa OyieT HAMMEHDBIINM — BCE STH 3a-
peLICHNH; Jla4d TEM MU UHBIM 00Pa30M 3aTParvBarOT TEOPHIO OITH-

E — OyHKIMS OIINOKH;

g; — LeIOYUCIECHHOE 3HAaUeHHE XPOMOCOMBI;

K — KOIMYECTBO pa3psioB (TeH) Ui KOAUPOBAHUS BO3-
MOYKHBIX PELICHUH B OMTOBBIX CTPOKaxX (XpOMOCOMaX);

m' — HEKOTOpOE PEIICHHE U3 00JaCTH JOMYCTHMBIX pe-

mu3anui. OnTuMHu3aIus B IIHUPOKOM CMBICJIE CJIOBA HaXO-
JUT CBOC MPUMCHCHHEC HE TOJIBKO -

IICHMI;

m" — ONTUMAaJbHOE PELICHUE;

M — TIPOCTPAHCTBO pEIICHWH HEKOTOPOU 3aJadu;

M' — IpPOCTPAHCTBO JOMYCTUMBIX PEIICHUH HEKOTOPOH
3a/laum;

N — XonnuecTBO MOKOJICHUH B T€HETHYECKOM AITOPHTME;

P — nonynsnus ocooei;

P, — ornenpHas ocodb u3 nmomymsanun P;

P,k] — motomok ocobeit P u Pj;

Pm; — mytuposanHas ocods F;

O — uenepas QyHKUUS;

7; — BEIIECTBEHHOE YHCJIO, COOTBETCTBYIOIIEE 3aKOAUPO-
BaHHOMY B XpOMOCOME g, PEIICHHIO;

R — KpuTepuil ONTHMHU3AIINM;
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HEMUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

OnHMM U3 NEPCHEeKTUBHBIX HAIPABJICHUH ONTHMHU3ALUH
SIBJIAIOTCS TeHeTHueckue anroputmsl [1]. Hecmorps Ha ToO,
9TO BIIEPBBIE O HUX 3aroBOpuiu Oonee 40 jeT Ha3aa, OHHU O
CHX IIOp IPOJOKAIOT Pa3BUBATHCS U HAXOIAT aKTyaJlbHOE
MPAaKTHYECKOe MPUMEHEHHE B CaMBIX Pa3iIHYHBIX 00JACTIX
HayKH{ M TEXHHUKH.

OOBEKTOM HCCIIEIOBAHUS SIBISETCS MPOIECC PELIeHNUs
ONTHMU3AIMOHHBIX 3a]1ad OOJBIIOro YHcia MapamMeTpoB,
OCHOBaHHBII Ha MCIOJIb30BAHUHM T€HETHUECKUX AJITOPUTMOB.

[IpenmeromM mccnenoBaHUs SBJIAIOTCS ONEPATOPHI, MO-
JIeNid, METONbl M CTPaTeruy, ucnoib3yembie B ['A.

Lenpto qaHHOM paOOTHI SABISETCS aHAN3 PAa3BUTHS U Te-
KYIL[Er0 COCTOSIHUS amrapaTa TeHEeTHYEeCKUX ajIrOpUTMOB, a
Tak e OleHKa LeIeco00pa3HOCTH UCIONb30BaHus [A ¢
OMHAPHBIM KOAWPOBAHHEM JIISI ITOMCKA TIIOOATBHBIX MaKCH-
MyYMOB U MHHHMYMOB MHOTOJKCTpEeMaTbHOU (YHKIINU
OOJIBIIOTO YHCIIAa MapaMEeTPOB MPH PEIISHHH Pa3THIHBIX
OITHMH3AIMOHHBIX 3ajad4.

1 IIOCTAHOBKA 3AJAYHN

Iycts 3amanst M, D: M' < M, a Takxke nenesast QyHK-
st O, KoTopast KaxIoMy 3HadeHuto m' < M' craBur B co-
OTBETCTBHUE BEILECTBEHHOE YHCIIO M3 MHOXECTBa R (KpuTe-
pHil ONTUMH3ALMK UCTIONB3YETCs /ISl CPAaBHEHUS allbTepHa-
TUBHBIX PEUICHUH 1 BBIOOpa JydIero u3 Hux). Torma Momensb
3aJ1a4M ONTUMH3AIMHI OIKChIBAETCs Tpoikoi: <M ,D,Q >,

TpeboBaHUEM ONTUMH3AINU SIBISIETCS BBIPAXKCHHE!

O(m") > min (wm Q(m") - max ). €))

Pemenne m" € M', ynosieTBopsoonine TpeOOBAHUIO
ontumusanuy (1), HaspBaeTcs onTUManbHEIM. Llenso om-
TUMHU3AIIMOHHON 3aJa4l SBISETCS TOUCK ONTHMATBHOTO
pemenns m" U3 MHOXKECTBA BCEX JOIYCTHMBIX PEIICHHMIA.
JIOBOJILHO YacTO BCTPEYAIOTCA 3a/1a4i, TPEOYIOIIUe ONTH-
MH3aLMH TI0 HECKOIBKUM KPUTEPHSIM OIHOBPEMEHHO.

2 JIATEPATYPHbBIN OB30P

B cBsi3u ¢ BBICOKOW pacmpoCTpaHEHHOCTHIO M Ba)XKHOC-
TBHIO PEIIEHHUS 3a7ad ONTHMH3ALIH B HAyKe M TEXHUKE, B Ha-
crosiiee BpeMsi pa3paboTaHO JAOBOJIBHO OOJBIIOE KOTHYE-
CTBO Pa3JIMYHBIX METOAOB M AJTOPUTMOB MOHMCKAa MAaKCHUMY-
MOB MU MHHUMYMOB. K HUM MOXXHO OTHECTH: IOHCK B
mupuny [1], meron guxoromuu [1], MeTox rpaJIHeHTHOTO
crycka [2], Metox 3010Toro ceueHus [2] u T. 1.

Bce ykazaHHBIE BBIIIE METOJBI ONTUMU3AIMN OTHOCSTCS
K KinaccuueckuM. OHU MO3BOJISIOT C BBICOKOH TOYHOCTBIO
peuiath OONBIIONW KIIacC 3a/ad, OMHAKO OONANaloT U HElo-
crarkamu. Cpeind OCHOBHBIX HEJOCTATKOB KJIaCCHYECKHX
METOJOB ONTHMH3AIMHU CIEAyeT OTMETHTh CIIeIyIOIIune:

— TPY ONTAMU3ALMH HEJIMHEWHBIX (DYHKIIMI BO3HUKAET TIPO-
OreMa JIOKaJIbHBIX HKCTPEMYMOB, KOTJIA 33 UCTUHHOE PEICHHE
MIPUHUMAETCS HEe TIIOOANIBbHBIHN, a JIOKAIBHBIA 3KCTPEMYyM;

— NpU YBEITMUYEHUH YUCIAa OJHOBPEMEHHO ONTHMHU3HPY-
€MBIX ITapaMeTPOB PE3KO BO3pACTAET BEIYMCIUTENbHAS CIIOXK-
HOCTB H, KaK CJIEICTBHE, BPEMsI BBIYHCIICHUI.

[NonbITKK IpeoAoNeHus YKa3aHHBIX MPOOIeM MPUBETH K
CO3JJaHMIO TEOPHH T'€HETUYECKUX alrOpuTMOB. [eHeTnuec-
K{€ aJTOPUTMBI — 9TO MOMCKOBBIE aJITOPUTMBI, OCHOBAaHHBIE
Ha cenekuuu u rederuke [1]. OcHOBaTeneM TeOpUU reHeTH-
YeCKHX aJTOPUTMOB IO NPaBy CUMTAETCS aMEPHKAHCKUH
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uccienoBatens JHxon Xomnana, xkotopslif B koHue 1960-x
TOIOB NIPENJIOKII B KadeCcTBE NPHUHIIMIIOB KOMOWHATOPHO-
ro mepebopa BapHaHTOB PEIICHHS ONTHMHU3AIMOHHBIX 3a-
Jlad UCIOIB30BaTh METOABI M MOJEIH MEXaHH3Ma Pa3BUTHS
opraHmdeckoro Mupa Ha 3emite. B 1975 rony Xommang omyo-
JIMKOBAJI CBOIO CaMyl0 3HaMEHHTYI0 pabory «Adaptation in
Natural and Artificial Systems» [3]. B Heli oH BriepBEIe BBEI
TEePMUH «T€HETHYECCKUH aNrOpUTM». YUCHHKH XONIaHOA —
Kenner Jle Honr u JoBun Tonpbepr — MpOIOHKIIA €ro pa-
ooty B obmactu ['A. HaubGonee m3Bectnas padora Tommbep-
ra — «Genetic algorithms in search optimization and machine
learning» [4].

CremyeT OTMETHTbD, YTO TEHETHYECKHIE aITOPHTMBI OTHO-
csTcst K Ooee oOIIeH rpyme METoJOB, Ha3bIBAEMBIX 3BO-
JIIOLMOHHBIMU BBIYHMCIIEHUsIMU [5]. B cBorO ouepenp 3BoIIO-
I[OHHBIC BBIYHCIEHHS OTHOCATCS K KIIAcCy HETOUHBIX, ITPH-
ONMKEHHBIX METOJOB DPEIICHHUS, YacTO Ha3bIBAEMBIX
«MATKUMH BBIUUCIEHUSMI» [6].

CoBpemeHHast Oubnuorpadus 1Mo reHeTHYeCKUM ajro-
putMaMm npesbimaer 9000 HauMEHOBaHUI U IPOLOIDKAET
yBenmmIuBaThest. OMHAKO PaboT, TOCBSIIEHHBIX HMEHHO KOM-
IUIeKCHOMY 0030py Teopuu ['A, yunThIBas BaXKHOCTb U aK-
TYaJIBHOCTh JIaHHOTO HaIlpaBJICHHS, BCE €Ile He XBaTacT.

OIHMM W3 JTyYIIHX PYCCKOS3BIYHBIX COBPEMEHHBIX TPY-
JIOB B OOJACTH T€HETHYECKHX ANTOPUTMOB SBIISCTCS ydeO-
uuk [magxosa JI. A. [1]. B manHOM y4ueOHHKe OMHCAaHBI (hyH-
JaMEHTaJIbHBIE OCHOBEI ['A ¥ 5BONIONHMOHHOTO MOIEIHPO-
BaHU, MPECTaBICHEl OCHOBHEBIC NPHHIUIIEI, CTPATETHH H
KOHIIETIINY TeHeTHIEeCKOro morcka. OgHako B KadecTBe 00-
30pPHOTO 3HAKOMCTBA ¢ I'A 1 00IaCThIO WX IPUMEHEHHS JaH-
HEBII TPy paccMaTpHUBaTh HE CTOWT, B CBS3H C JOBOJBHBIM
60nBIINM 00BEMOM MATEPHAJIOB, PACCMATPHBACMBIX B HEM.

Cpenn Hambonee M3BECTHBIX paboT B obnactu I'A chenyer
ormetuth crathio Whitley D. A «Genetic algorithm tutorial»
[7]. Mannas paGora HOCUT OO30pHBIM XapaKTep W €€ MOXKHO
PEKOMEHIOBATh Ul 03HAKOMHTEIHEHOIO 3HAKOMCTBA C TEO-
pueit renernyecknx anroputMoB. K HemocTaTkam 3TO# cra-
TBH MOYKHO JIUIITb OTHECTH OTCYTCTBHE COBPEMEHHBIX ITPUMe-
POB NPAKTUYECKOro NMpUMEeHeHUs1 [A B pa3inM4HbIX 00NacTIX
HAayK{ ¥ TeXHUKH (padora Bbiiia Oonee 20 jer Ha3am).

B Tekymieii pabote moneITaeMcsl COBEPIIUTh KPATKHIMA
KOMIUTEKCHBII 0030p OCHOB TEOPHH ONTHMH3ALUH C HCIIONb-
30BaHUEM T€HETHYECKOTO MOMCKA, U MOJKPENHUTh TEOPHIO
COBPEMEHHBIMHU MpPUMEpPaMH HCIONIb30BaHus ammapara ['A.

3 MATEPHUAJIBI 1 METO/IbI

I'A 0a3upyroTcs HA TEOPETUYECKHUX JAOCTHIKCHHSIX CHH-
TETUYECKOH TEOPHH DBONIOIUH M UCIIOJIB3YIOT OCHOBHBIE
MIPUHIIMIIET dBoMonnonHon Teopru Y. JlapBuHa [8]: Hacuen-
CTBEHHOCTh, I3MEHUYHUBOCTh M €CTECTBEHHBIH OTOOD.

I'A onepupyroT COBOKYIHOCTBIO 0coOei (momynsiuei),
KOTOpBIE MPEACTABISAIOT OO0 CTPOKH (XPOMOCOMBI), KO-
JMPYIOIINE OTHO M3 pemieHui 3amaun. OtuM ['A orminyaer-
cs1 OT OOJNBUIMHCTBA JIPYrUX JITOPUTMOB ONTHUMHU3AIHH, KO-
TOpPBIE OMEPUPYIOT JIUIIb C OJHUM PEIICHHUEeM, YIydIIas ero.

Kaxnast ocoOb OllEHHUBAETCSI MEPOH €€ «IPHUCTIOCOOIICH-
HOCTH» COIVIACHO TOMY, HACKOJIBKO «XOPOILO0» COOTBETCTBY-
folee el perenue 3aaadu. st atoro ucnonb3yercs GpyHK-
s npucrnocooieHnoctu [1] (ueneBas GyHKIUs), KoTopas
BBIJICIISICT HauOoJee MPUCTIOCOOICHHBIC pelieHus (B Jalb-
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HeWIeM OHU MPOAOIKAIOT UCIIOIB30BaThCs) M HAUXYIIIHE
penienus (YIajusroTcs U3 TOMYISIUN U HE BIHSIOT HA Jallb-
HEWIIHH TOMCK ONTUMAIBHOTO pelleHHs). TakuM o0pa3om,
MBI CTPEMHUMCSI TIOBBICUTB IPUCIIOCOOIEHHOCTD, & CIIEOBa-
TEJIbHO, W MPUOJIH3UTHCS K HCKOMOMY PEIICHUIO.

PaboTa reHeTHYecKoro alropuTMa IpEACTaBIsIeT coOoit
WTepalMoHHbIN npouecc. Ha xax1oif HOBOM uTepanyy HaJ
TEKYIIUMH OCOOSMH TPUMEHSIOTCS Pa3INYHbIE TEHETHIEC-
KHE OIlepaTopbl, KOTOpbIe MOpoXIaroT HoBBIe ocobu. Ioc-
JIe 3TOTO BCE OCOOM OICHMBAIOTCS C ITOMOIIBIO IIEIEBOIf
GyHKIMH M HanOoJiee MPUCIIOCOOJICHHBIE MCHIONB3YIOTCS Ha
cnenyromeid urepauuu I'A. DToT mpouecc IpogonIKaercs
JIO0 TeX TOp, IMoKa He Oyly JTOCTHTHYTHI JKellaeMBble pe3yiTbTa-
TBI, JTHOO YHCIIO MTEPAIH MPEBBICHT MOPOTOBOE 3HAYCHHE
(ToporoBoe 3HaUEHHE YHCIIA UTEPALUI TTO3BONSET OrpaHu-
YUTh CBEPXY BPEMEHHBIE paMKH pa0oTHl anropurMma). Tak
e, OTHAM M3 ITPU3HAKOB TOTO, YTO CJIEAYeT OCTAHOBHTH HTE-
PALMOHHBIN TpoIecC, SIBISETCS CXOXKJAEHHE MOmy/siuuu (co-
CTOSHHE THOIYIAINH, KOIa BCe ee 0COOM Ha MPOTDKECHHH
HECKOJIbKUX TOKOJICHUH HAXOIATCS B 0OJIACTH HEKOTOPOTro
9KCTpEMYMa W MOYTH OJUHAKOBBI). CXOXKJCHUE MOITYISIIHA
OOBIYHO yKa3bIBaeT Ha TO, YTO JOCTHTHYTO pelIeHHe ONn3-
Koe K ontuMaibHOMy. OOBIYHO UTOTOBBIM pelIeHUEM 3aja-
9H CIIyXXHT HauOoJee MPUCIIOCOOICHHAs 0cO0b ITOCIIENHE-
IO TIOKOJICHHSI.

I'eneTnueckue OmepaTopsl SBISIOTCS CPEACTBOM OTOOpa-
JKEHMS OTHOIO MHOXKeCTBa Ha Jpyroe. OHU MO3BOJISIOT IIPU-
MEHSITh NPUHIUIB HACIEACTBEHHOCTH U U3MEHUMBOCTH K
BUPTYaJbHBIM MOMYISIUSAM. Bce reHeTndeckne onepaTtopbl
00J1aIaf0T BEPOSTHOCTHBIMH XapaKTEPUCTHKAMH, YTO BHOCHT
HEKOTOpYIO CTeneHb cBoOonsl B padory I'A. Hambonee mpu-
MEHSEMBIMU TEHETHYECKHMH OIepaTopaMu SIBIISIOTCS OIe-
parop KpoccuHroBepa (CKpelIMBaHMs) U OIepaTop MYTAIIWH.

OrnepaTop KpOCCHHTOBEpa MOIEIHPYET MPOIEecC CKpe-
MBaHus 0co0eil. DTOT TeHeTHYECKHI OrepaTop MPHUBOIUT
K CO3/IaHHI0 HOBBIX 0CO0€i, Ha OCHOBE CYLIECTBYIOIIHX.
[Ipocreiimm BapuaHTOM CKPEIIMBAHUS SIBISETCSI OJHOTO-
YyeuHblil KpoccuHrosep. [lepen Hawamom ero paboThI, BbI-
Ouparotcs aBe ocodu A, P> n3 nomynaiyu P, U CIydailHbIM
00pa3oM ompernensercss TOYka pa3pblBa B HX XpPOMOCOMaX.
3aTeM XpOMOCOMBI OOMEHHMBAIOTCS MPABBIMH YaCTSIMH, B
pe3ylbTaTe 4ero MOMydaloTcsi HOBBIE BO3MOXKHBIE PEIICHHS
ONTHMU3ALIMOHHOM 3ajauu:

Pl = {xl,xz,x3,...,xn}, P2 = {219223239"'3271}3

1 2
Bl =1X1,X0,2355 2} P2 =1{21,22, %3500, X}

PaccmoTtpenHBIit BhIIIE ONepaTop CKPEIIMBAaHUSI HE SBIIS-
eTcsi eTMHCTBEHHBIM. CyIIecTBYeT OrpOMHOE YHCIIO OIepa-
TOPOB KPOCCHHTOBEPA, TaK KaK MX CTPYKTypa B OCHOBHOM H
omnpenesierT 3PPEKTUBHOCTh TEHETUYECKUX aaroput™MoB. Cpe-
1 HanOoJiee M3BECTHBIX ONEPATOPOB CKPEIIMBAHHS MOKHO
OTMETHUTPH CIEIYIOIIUE: IByXTOUESUHBIH OIepaTop KPOCCHH-
roepa [1], muximdeckuii oneparop Kpoccuarosepa [1], ymo-
PAOYEHHBIN omlepaTop KpoccuHroBepa [1], TpuagHbIi Kpoc-
cuHroBep [9], meperacoBouYHBIN KpoccuHroBep [9] m ap.

Crepyrommm, Hanboliee 4acTo MPUMEHSIEMBIM T'eHETH-
YEeCKUM OIEepaTopOM SIBIIsieTcsl oneparop Mmyramuu. Omepa-
TOp MyTalu¥ HEOOXOMUM JUIsl «BBHIOMBAaHUS» MOMYISHN U3
JIOKJILHOTO HKCTPEMyMa M CIOCOOCTBYET 3alLlUTE OT MPEXK-

JeBpeMeHHON cxoxumocTy. IIpocreiimuii onepaTtop MyTa-
MM MEHSeT MECTaMH J(Ba CIy4alfHO BEIOPAHHEBIX B XPOMO-
COME reHa:

Py ={x1,x,x3,%4},
Pmy ={x1,x;,x4,x3}.

Tak ke CyLeCTBYIOT U APYrHe OHEPATOPbl MyTallUH,
HaIpuMep JByXTOYEYHBIH omepaTop myrauuu [1].

PaccMoTpeHHBIE BBIIIE TEHETUYECKHE OLEPATOPBI SBIIS-
I0TCS OCHOBHBIMHU, HO HE €MHCTBEHHbIMU. K uacTo ucmons-
3yeMBIM I'€HETUYECKUM OIIEpPaTOpaM MOKHO OTHECTH: OIle-
patop uHBepcuu [1], onepaTtop Tpanciokauuu [1], onepa-
Top TpaHcnosuuuu [1], oneparop cerperanuu [1] u MHOrue
apyrue. B Hacrosiee BpeMsl IPOAOIKAIOT MOABISATLCS HO-
BBIE I'€HETHYECKHE ONEPATOPBI.

B nenoM MOXXHO YTBEpkKIaTh, UTO B KaXKJIOM KOHKPET-
HOM Cllydae Hy)XHO BHHMATENBHO IOAXOAWTH K BEIOOpY Te-
HETUUYECKUX OLEPaTOpOB, UCHONb3YeMbIX B I'A, Tak Kak 3TO
BO MHOI'OM BJIMSET HA KaY€CTBO U CKOPOCTb IIOTYYEHUS KO-
HEYHOI'0 PEe3yNbTara.

Kax yxe ormedanoch BEIIIE, paboTa TCHETHIECKOTO al-
TOpPHATMa IIPEJCTaBIIeT COOOH MOBTOPSIONIUICS Ipoece.
Mpocreiimmii (knaccnueckuit) anroput™ ['A [3] npencras-
JIEH Ha puc. 1.

B kiaccumaeckoM ['A 0OBIYHO WCIIONB3YIOTCS JIBa T'eHe-
TUYECKUX OIlepaTopa: KpoccuHrosep u myranus. Ha nep-
BOM JTare CIy4aifHBIM 00pa30M CO3[AeTCs MOITYIISLIS 0CO-
Oeit (BO3MOXKHBIX perieHui). Jlaxke eciii Bce HCXOIHBIE 0COo-
Ou OyIyT MMeTh HHU3KYIO TPHCIOCOOIICHHOCTD, B PE3yJIbTare
paborsl A TOMKHBI MOSBUTHCS XPOMOCOMBI, KOMMPYIOIIHE
Oornee TOUHBIC PEUICHNS ONTHMHU3AIMOHHON 3aJadu.

OOBIYHO IS KOMUPOBAHHS PEIICHHI HCIIONb3YeTcs OH-
HapHbIH andaBut. [Ipu 3TOM TPUHATO UCHONB30BATH CIEIH-
aJIbHBIM MPHEM KOAWPOBAHHS ONTUMH3HUPYEMOrO Iapamer-
pa, IPUHUMAIOLIETO ACHCTBUTENbHBIE 3HAUYEHHS B HEKOTO-
poMm nuanasoHe [a;,b;], B GutoByo cTpoky. MHTepBan
JIONYCTUMBIX 3HAYEHWH ONTHMHU3HPYEMOTo MapaMerpa pas-
OMBAIOT HA y4acTKU C TpeOyeMoi TouHocThio. Jlns mpeod-
pa30BaHMsA IIETOYHCICHHOIO 3HAUYEHUS] XPOMOCOMBI g; U3

MHO>KECTBa {0,_.,2K } B BEILIECTBEHHOE YUCIIO F'; U3 MHTEPBA-
J1a TONB3YTCS (HOPMYIION:

_ bi—a;)
i =8 Tta;
2% -1
Yaie Bcero ucnonssyercs K =8; 16,
C o3 garie HAtATEHOMR OrBop
TIOTTYILALIEE
CRpp eTITHE AFIHE
TTepexos & HOEOY l
MyTaipa
PesymeTrar

Pucynok 1 — OcHOBHBIE 3Tambl KIIaccuieckoro A
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BunapHOe KOmMpOBaHUE 00ECHEUMBACT JIYUIIHHA MTOHCK
C TIOMOIIBIO TUIMEPILIOCKOCTEH, TaK KaK MPENOCTaBIsIeT MaK-
CHUMAaJIbHOE MX KOTWYECTBO, MPHU 3TOM JJISI BCTPEIACMOCTH
Ka)XJIOr0 CHMBOJIA B K&KIOW MO3UIUH TPeOyeTcs: MEHbIIHI
pasmep momyispn. CienyeT OTMETUTh, YTO JIOBOJBHO Yac-
10 ['A Oyner paboTaTh Jiydile NMpH KOAWPOBAHUM MapameT-
poB xoxoM I'pes [10], a He mpsAMBIM OMHAPHBIM KOZOM. DTO
CBSI3aHO C TeM, YTO paccrosiHre XdMMuHTa [10] Mexnay Ou-
TOBBIMHU TPEJICTABIICHUSIMH JAHHBIX MOXET U HE OTpa)kaTh
OM30CTh B MPHUBBIYHOM CMBICIIE — HApUMeEp, Yucia 7 u 8
pasnu4atorcs Ha 4 Oura. buHapHOe KoAMpoBaHHE J00ABIIS-
€T JONOJTHUTEIbHBIE Pa3pBIBBI, YTO OCIOXKHSET ITOUCK.

OrHaKo B HEKOTOPBIX CIydasx Ooree IerecooOpasHo MpH-
MEHSATh BEILECTBEHHOE KoAupoBaHue (Hampumep, it 100
IepeMeHHbIX, n3Menstomuxca B uarepaie [—500; 500], Tpe-
OyeTcsi HAUTH MHUHHMYM C TOYHOCTBIO JO HIECTOrO 3HaKa
nocie 3anatod. B stom cimydae nmpu ucnonszoBaHuu I'A ¢
JIBOMYHBIM KOJIMPOBAHUEM JUIMHA cTpoku coctaBuT 3000 sre-
MEHTOB, a IIPOCTPAHCTBO Movcka — okono 10 B crenern 1000).

HavanpHblit pa3mep MOMYNISLUH TaK jK€ MOKET BIHSTH
Ha pabory 'A. Bombmme n obnafaroniue JOCTaTOYHEIM pas-
HOOOpa3ueM MPeICTABICHHBIX PEIICHHH MOMMYNISIUN Aal0T
TeHETHYECKOMY aJITOPUTMY OONBIIMH IIAaHC CKOpee HAWTH
HY)KHOE peIICHHe, HO BMECTe C TeM TPeOYyIoT M OOJBIINX
BBIYHCIHTENIBHEIX PecypcoB Ipu padore. B cratse [11] mox-
poOHO paccMOTpeH BOmpoc BeIOOpa pa3Mmepa HadaIbHOU
TIOMYJISIIAY, HEOOXOMUMOM It CTaOMIbHOM padotel [A.

B paccmarpuBaemMoM kimaccuueckoM A mcmonb3yercs
oreparop kpoccuHroBepa. CyIIECTBYIOT pa3iHYHbIEC MOJI-
XOZBI K BBIOOPY oco0ei 1t ckperuBaHus. [Ipocredmmii n3
HUX, KOTJIa POIUTENBbCKHE 0COOM BBIOMPAIOTCS CIydailHO
(maamukcnst). OmHAKO OOBIYHO BEPOSTHOCTH CKPEIIMBAHUS
JYYIIAX XPOMOCOM C XYAIIIMMH YMEHBIIAETCs Ha MOCIIETHUX
UTEpALHsIX ITOPUTMA. DTO MPHUBOIHUT K CKPEIMBAHUIO JIyd-
OIMX XPOMOCOM Meay COOOH M 3aKperIeHUIO JKeTaeMBbIX
MIPU3HAKOB B XPOMOCOMaX.

YacTo MCHONB3YIOTCS W OpYTHe METOIbI BBIOOpa map
XpOMOCOM AJsI olepatopa KpoccuHroepa. Hampumep
«Onu3koe poacTBO» (MHOPUAMHT), KOTHa mepBas XpOMOCO-
Ma BBIOMpAeTCs Ciay4ailiHbIM 00pa3oM, a BTOpas XpOMOCO-
Ma ¢ OONbIlel BEPOSITHOCTBIO OyIeT KOAMPOBATh OJIM3KOE
pemienue. Tak jke K MeToaM BbIOOpa 0coOeH IS CKpelu-
BaHUsI MOXXHO OTHECTH ayTOpuiauHr [9], BHIOOpD Ha OCHOBE
xoma I'pes [9] u mpyrue.

OpHuM U3 BaKHeHImmx stanoB ['A sBusercs stan or6o-
pa. Ha nanHoM sTtame BrIOMparoTcs 0coOHW, HaJ KOTOPBIM
OyAyT BBINOIHATECS Pa3IMYHbIE TEHETUYECKUE OIepaTophl:
CKpelluBaHue, MyTalus u T.1. FIMeHHO 3T ocobu OyayT
OKa3bIBaTh BIMSHHE Ha CIEAyIOLINe MOKONeHus. B HacTos-
miee BpeMsl M3BECTHBI pa3lInyHble cTpaTternu oroopa. Ha-
MIpUMeEp, PAHTOBBIN OTOOp, KOrAa JUIs K)ol 0coOu ee Be-
POSATHOCTH OBITH OTOOPAHHOM MPOMOPIUOHANILHA €€ MOPS-
KOBOMY HOMEPY B OTCOPTHPOBAHHOHM IO BO3PacTaHHIO
MIPUCIOCOOIEHHOCTH MOMYIAIMH. J[OBOIBHO Y4acTo TaK ke
MPUMEHSIIOTCS TYPHUPHBIA 0TOOp [9], snuTHBIA oT6op [1],
0TOOp Ha OCHOBE 3aJaHHOMW IIKaJkl [1] U mp.

Paccmorpennsrit Boimie knaccunueckuii ['A He sBisiercs
enuHcTBeHHBIM. CyliecTBYIOT U Apyrue monenu ['A: Genitor
[7], Hybrid algorithm [7], CHC [7] u T.1. B xaxx10M KOHKpeT-
HOM cllyyae HYXXHO JeTajJbHO aHAaJIN3UPOBATH HCXOTHBIE
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JTaHHBIC, TIepe BEIOOpoM KoHKpeTHoW Monenu ['A. MHorma
IIOUCKOBBIE T€HETHUECKUE AITOPUTMBI UCIOIB3YIOT COBME-
CTHO C KJIACCHMYECKUMM METOJaMH OoNTUMM3alMu. B Takux
crydasx ['A mo3Bonser mpuOMH3ATECS K HCKOMBIM 3HAYCHH-
SIM, a KJIACCHYECKUE METOIbl ONTHMHU3aUUU (METOA Ipaju-
€HTHOTO CITyCKa, METOJ{ TIOKOOPAMHATHOTO CIycKa U T.X.), B
CBOIO OYepeb, MO3BOILIIOT 0OJee TOYHO MX ONPEHENHUTh.

B nocnennee Bpems ¢ pa3BUTHEM TEXHOJIOTUH Napaslieb-
HBIX BBIUUCIEHUI, CTaNM MOSBIATHCS U LIMPOKO MCIOIb30-
BaThbCs NapajllelbHble FeHeTnueckue anroputmsi[ 1, 12]. IITA
MO3BONISIOT TOpa3fo 3P QeKTHBHEH HCIOIb30BAThH MOIIHOC-
TU COBPEMEHHBIX BBIUUCIUTENBHBIX cucTeM. IlapasienbHble
TeHETHYECKUE aITOPUTMBI YCIOBHO JENATCS Ha JBa OOJb-
mMX KJIacca: «OCTPOBOBY H «MacTep-padounmity [12].

IIpu HCNONB30BAHUU CXEMBI «OCTPOBOBY» IIPOHCXOAUT
napajulelbHOEe Pa3BUTUE HECKOJIBKUX HE3aBUCUMBIX IOIY-
sy, Yepes HEKOTOpPOe YUCIO HMOKOIEHUH MPOU3BOLUTCS
oOMeH myumuMu ocodsMu. KoppexrHas peanm3arms reHe-
TUYECKOIO aJArOpUTMa KJIacca «OCTPOBOBY SIBISETCS JOBOIb-
HO CJIO)KHOW HETPUBHAJIBHOW 3ajaueil.

B cxeme «macTep-pabounity pacder (GyHKIUH MPHCIIO-
COOJICHHOCTH KaKI0H 0cOOM MPOHMCXOUT IapaJIIeNIBHO, TIPH
9TOM pealU3yeTCsl ONUH LMK pa3BuTHs nomymsanuil. Oco-
OCHHO BBITOJHO WICHONB30BaTh JAHHYIO CXEMYy, €CIIH OIECHKA
oco0ell BRIYHCIIACTCSA MO CIOKHBIM (hOpMyTaM.

OOBIYHO 3¢ (EKTHBHOCTE PAOOTHI PA3INYHBIX MoOJeneit
I'A npuHATO OLEHUBATH KOJIMYECTBOM BBIYMCICHUH Lielie-
Boii ¢ynkumm [13]. Uem MeHbIIe MOTPEOOBAIOCH BBIYUCIIE-
HUI [e7eBOi (QYHKIMH, TIPH IIOUCKE ONTHMYMA, TeM JIydIle
peamm3oBan ['A. TecToBble (yHKIMM, HA KOTOPBIX MOXHO
9KCIIEPHMEHTAIILHO OLIEHUTh KOHKPETHYIO peanusaunuto I'A,
JIOJKHBI YYUTBIBATh CUJIbHBIE CTOPOHBI F'€HETUUECKOIO aj-
TOPUTMaA, TO €CTh OBITh MHOTOIKCTPEMaIbHBEIMH M MHOTO-
MepHBIMH. B kauecTBe TeCTOBBIX (DYHKIMH OYEHb YaCTO HC-
HONB3YIOT (PyHKIHHU, MPEIIOKEHHBIE ONHUM H3 CTYICHTOB
Xomranna Jle Morrom [9] (B nuTepaType UX OYECHB YACTO
HaspiBatoT dejongl, dejong2, dejong3, dejongd).

4 OKCIIEPUMEHTDI

B Hactosmiee BpeMsi CyIIEeCTBYET OIPOMHOE KOJIUYECTBO
pa3MYHBIX Mozesedl U Moau(UKauui reHeTHYEeCKOro aro-
purma. CpaBHUTH IKCIEPUMEHTAIbHO, Ha TECTOBBIX (yHK-
LUSIX, BCE UX CHJIbHBIC M Cladble CTOPOHBI MEXIy coOOH, He
MIPEACTaBIAETCS. BO3MOXKHBIM B paMKax OfHOW craTbu. [lo-
3TOMY, OBUIO pElIeHO B paszelie SKCIEPUMEHTHl paccMOT-
PETh MOJOKHUTENIBHBIA OINBIT pealbHOro nNpuMeHeHus I'A it
ONTUMHU3AIUHM MHOTO’KCTpEMaJabHON (QYHKIUH B MeETOIe
BORF [14], a Tak ¢ HETPUBHAILHYI0 MOTUPHUKAIIHIO TEHE-
TUYECKOTO IrOpUTMa IS BBIYMCIEHHH C UCIIOIb30BAaHHEM
rpadguuecKkux MpoIeccopoB.

Metox BORF oTHOCHTCS K KlacCy METO/IOB TpacCcepHOU
Bm3yanm3aiuu PIV [15], koTopble MO3BOISIOT dKCIEpUMEH-
TaJbHO OIPENENIATh MO CKOPOCTEH B Pa3IMYHBIX MOTOKax
XKHUJKOCTU M ra3a. JJaHHbIH METOA IbITaeTCs CTPOUTH CHHTE-
THYECKOE PEKOHCTPYHpPOBaHHOE H300pakeHHE, MMerolee
MUHHMAJbHBIE OTIUYHUSA OT LH(PPOBOro M300paKeHUs Te-
YEHHsI, TOJYYEHHOTO €CTECTBEHHBIM IyTeM. Mepol oTiu-
YU CIYKUT (QYHKIMSA OMMOKKM E (IPUHLIMI €€ BBIYUCICHUS
neTanbHO ommcaH B padore [14]). OyHkius omubku £ Mo-
XKET UMeTh OOJIbIIOE YHCIIO JIOKAJIbHBIX MUHUMYMOB. B Ta-
KOM Ciydae, HCIIOJIb30BaHHE KIIACCHYECKHUX METOIOB OIl-
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TUMH3AIMHU (TaKUX KakK, HalmpuMep, METOJ TPaJMeHTHOIO
CITyCKa) MOXKET IPUBECTH K TOMY, YTO MBI OOHapyXUM JIO-
KaJbHBIH, a He MI00anbHbI dKcTpeMyM. Tak xe (QyHKIHSL
OLIMOKHU 3aBHCUT OT OOJNBILIETO YHCNA IEPEMEHHBIX (B HEKO-
TOPBIX DKCIIEPUMEHTAX YUCIIO MapaMeTpoB GYHKIHMU E IOC-
turano 9000). TToaTomy, OmHUM M3 CHOCOOOB IMOMCKAa MHUHU-
MyMa QYHKIUH oTInuMs, npumensemoro B merone BORF,
SIBJISIETCS MCIONb30BAaHUE T€HETUYECKUX alropuTMOB. UTo-
OBl OLIGHHUTH LieJeco00pa3HOCTh Hcnonb3oBanus ['A mpo-
BOJMJICS PAJl ONBITOB HA TECTOBOM TEUEHMH, C PE3KUMHU T'pa-
JIIUEHTAMH CKOPOCTH, OIHMCHIBAEMOM CJICAYIOIIUM 00pa3oMm:
Y- 100)+L v,=0,V,=0.-

450" 7

Jlns pacuera npod)mm CKOPOCTH TE€CTOBOTO TEUEHHS Me-
TOJOM TpaccepHoi Busyammsanuu B Meroge BORF no ouepe-
1 UCHOJIb30BaJIMCh METOX IpaAMeHTHOro cmycka u I'A.

JloBONBHO YacTo Mcnonb3oBaHue ['A compsikeHo ¢ 0oib-
LIMMH BPEMEHHBIMH 3aTpaTaMHu, OCOOCHHO B TeX CIydasx,
KOIJia pacueT eseBod (QyHKIUU TpeOyeT OONBIIMX BBIYHC-
JUTENbHBIX HArpy3ok. B sTom ciydau rpamoTHOE mpuMeHe-
HUE MapajjIebHBIX BBIYUCICHUM MOXET 3HAUUTEIBHO yBe-
JIMYUTH CKOPOCTh cdera. B pabore [13] aBTop mpoBen Jkcre-
PUMEHT, TAe CpaBHMJ BpeMs paboThl Kiaccuueckoro I'A u
[II'A paGoratomiero mo cxeme «macrep-pabounii». [enern-
YECKUH MOMCK HUCIIOJIb30BAICS I ONTHMHU3ALUN (HYHKIIUK
ommuus B Metone BORF. Ilpu stom II'A paboran Ha rpa-
(uyueckuX Mpoleccopax M MCHOJIB30BaI Ui ATOrO TEXHOJO-
ruto Cuda. OCHOBHBIM NPEUMYIIECTBOM HCIIOIb30BAHUS
rpadU4ecKux ajanTepoB JUIA HapajulelbHbIX BBIYUCICHUI
SIBISIETCA TO, UTO AHAJIOTUYHBIE IO MPOU3BOAUTEIBHOCTU
KJ1acTephl IMOO MHOTOSZIEPHBIE IIPOLIECCOPHI UMEIOT B COT-
HU pa3 OonplIyl0 cToMMocThb. s TOro, 4yToOBl MpOaHAIU-
3upoBath dPdekTuBHOCTh padoTsl [II'A Ha rpaduyeckux
Ipoleccopax, CpaBHUBAJIOCH BpeMs paboThl reHETUYECKO-
ro noucka B metone BORF c ucnonp3oBanuemM napaiensb-
HBIX TEXHOJIOTHMH M 0€3 HCIIOIb30BaHMUS.

5 PE3YJIbTATbI

Ha puc 2. nmpencraBieHbl TeOpeTHIeCKHil mpoduis Te-
yeHus (2), a Tak e MO CKOPOCTH, TOMyIeHHBIE METO-
oM BORF ¢ ucnonns3oBanuneM mibo ['A ¢ OuHApHBIM KOIH-
pPOBaHHEM peIleHUH, MO0 MeToAa IpaJueHTHOrO CITycKa.
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Pucynok 2 — IIpoduian CKOpOCTH HCCIIEIYeMOro TeUCHHMS:

1— teopernueckuii npopuik; 2 — NpouIb CKOPOCTH, TIOCTPOSH-
HBIIl Ha OCHOBE JaHHBIX, MOTy4eHHbIX MeToioM BORF ¢ ucnons3o-
BaHMEM MeTO/la 'PAJMEHTHOIO CITyCcKa; 3 — MpoduiIb CKOPOCTH,
MOCTPOCHHBIN Ha OCHOBE JIAHHBIX, MOMyYeHHBIX MeTooM BORF
C UCHOJIb30BaHHEM TEHETHYECKUX AJITOPUTMOB

Kax BuaHO U3 puc. 2, UCIONB30BaHUE METOA IPaJIUEHTHO-
ro crycka B Merone BORF naer MeHee TouHble pe3yibrarhl,
9YeM amnmapar FeHeTHYECKHX aITOPUTMOB. DTO MOXHO OOBsC-
HHUTH TeM, 4TO (YHKIHS £ HMeeT OONbIIoe KOTHYECTBO JIO-
KaJIbHBIX MUHIMYMOB, U METOJ] TPaJUEHTHOrO CITycka OOHa-
PYKHBAET OIWH M3 TAKOBBIX U OCTAHABIIMBAET CBOIO PalOTy.

Ha puc. 3 mpencrasneH rpaduk 3aBUCHMOCTH BPEMEHH
paboTh! pa3THuHBIX Bepcuit [A oT uncia mokoneHui (duc-
710 ocobelt B kKaxkaoM mokonenun — 100).

U3 rpaduxka (puc. 3) BUAHO, YTO MCIOIb30BAaHHUE TEXHO-
nornu CUDA mpu moncke MUHEMyMa (DYHKIUH OTIIHYHS
FEHETHYECKHM aJITOPUTMOM I03BOJISAET HA MOPSIKU CHU3HUTh
Bpems cuera. Ilpu 3TOM, CliefyeT OTMETUTh, YTO C yBEIHYE-
HUEM 4YHcla NOKoNeHul BpeMs I'A, MCIOIB3yOLIEro ma-
paJUIeNbHBIE BBIUUCIIEHUS, PACTET 3aMETHO MEJJICHHEE, YeEM
BpeMs CueTa I'eHETUYECKOrO aJlrOpUTMa, HE UCIONb3YIOIle-
IO IapaJUIe/IbHbIE BBIYUCICHHUS.
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PucyHnok 3 — 3aBHCHMOCTb BpEMEHH PabOThI f OT YUCIIA IOKOJIEHHIH
NTA B 3agaue novcka MUHUMyMa QyHKIUM oTiHyus: 1 — ¢
UCHOJIb30BaHHEM apaJIeNIbHBIX BBIYUCICHUH Ha IpadhHIecKOM
ajanTepe; 2 — 6€3 UCIIOIb30BaHUS APAILICIbHBIX BRIYHCICHIH

6 OBCYKJIEHHE

B nacrosimee Bpemst ['A Hanutm o4eHb MIMPOKOE Mpak-
THYECKOe MPUMEHeHne aOCOMIOTHO B Pa3HBIX OTpacisxX Ha-
yku. ['eHeTHUeCcKue alropuTMBl ceidac YCIENTHO MCIOIb-
3yeTcs MPH PELICHUH CIEAYIOIUX MpoOJieM: ONTUMH3ALUS
GbyHKIMiA, pa3HoOOpa3Hble 3a7a4uu Ha rpadax (3amada KoM-
MHUBOSDKEpPA, PacKkpacka W T. JI.), HACTPOHKa M OOydeHHe Hc-
KyCCTBEHHOH HEHPOHHOW CeTH, 3aJaud KOMIIOHOBKH, 3aJa-
YU COCTaBJICHHS PACIHMCAHHMA, anmpoKcuManus (QyHKIUH,
HEKOTOpBIC 3aa4d B 00JIacTH OMOMH(OPMATHKH.

OpnnHako, He cleayeT UCIONb30BaTh A B ciydae, Korma
HEOOXOJIMMO HAWTH TOYHBIA I100ANBHBIN onTUMyM. [A He
rapaHTHUpyeT OOHApYKEHHUS II00aIBLHOrO PEIICHUs 3a TPHU-
emuemoe Bpemsi. ['/A He rapaHTHUPYIOT U TOrO, YTO HAMIEH-
Hoe pemieHue OygeT ONTHMalbHBIM pEeIleHHeM. TeM He
MeHee, TeHETUUECKHEe JITOPUTMBI MPUMEHUMBI ISl TIONCKA
«IOCTaTOYHO XOPOLIETO» PELIeHHs 3a/au 32 «JOCTaTOYHO
KOPOTKOE BPEMSD).

BbIBO/JbI

B paboTe mpoaHanIM3UPOBaHBl OCHOBHBIE MPUHIHIIBI
(YHKIIMOHUPOBAHUSI TIONCKOBBIX T€HETUYECKHUX AITOPHTMOB,
MpeJcTaBIeHbl HauOoNee BaXKHbIE TEHETHYECKHE ONEepaTo-
pbI, Mozenu U cTparteruu, npuMmensiemble B ['A. Tak xe pac-
CMOTPEH TOJOKUTEIbHBIH ONBIT MPAaKTHYECKOTO MPHUMEHe-
Hus [A sl ONTUMH3AIMH MHOTO3KCTPEMAJIbHBIX (DYHKIIHH.
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ONTUMIBAIISA BATATOEKCTPEMAJIbHAUX ®YHKIIN BEJOKOI KIIBKOCTI IIAPAMETPIB 3 BUKOPUCTAHHSIM
THETUYHUX AJITOPUTMIB

®dopmabHO chopMyTbOBaHa 3a/1ada ONTUMi3alil. PO3MIsIHYTI OCHOBHI MepeBaru i HEJOMIKH KIACHYHUX METOMIB onThMi3zalii. Bucsitieni
OCHOBHI MEPEIyMOBH IOSIBU Ta ICTOPisi PO3BUTKY amapary reHeTHuHHuX ajroputmiB. [IpoanaizoBano cydyacHwuii crad 6i6miorpadii, mpuceside-
HOI TUTaHHSM BHKOPHCTAHHS IOIIYKOBUX I'€HETHYHMX AIrOpPUTMIB. PO3MISHYTO OCHOBHI il Ta MPUHLMUINM, IO JIeKaTh B OCHOBI po0OOTH
FEHEeTUYHHX aIrOpPUTMIB. BUKOHAHO OIS HAWOLIBIIT TOMIMPEHUX TeHETHYHUX ONEPaTOpiB: KPOCHHIOBepy i MyTauil. JleTansHo npoaHasizoBaHi
6a30Bi eTanu poOOTH KJIACUYHOTO TE€HETHYHOTO ANTOpUTMY. PO3IISIHYTI OCHOBHI COCcOOW KOAyBaHHS pillleHb B XpOMOCOMax, BHOOpY map
0COOWH IS CXpEIlyBaHHs, & TaK CaMo MPEJICTaBIeH] Aesiki mommpeHi crparerii Binbopy. ChopMynboBaHi OCHOBHI IepeBard OiHAPHOTO
KOJlyBaHHs pillIeHb B XpOMOCOMAX i3 3aCTOCYBaHHAM Kofy [pes, a Tak caMo JlaHi peKoMeHalil 3 BAKOPUCTAaHHS IIHCHOTO KOIyBaHHSI PillleHb B
pi3HUX cuTyanisx. OnucaHi 1Ba OCHOBHUX KJIACH TapaneibHUX FeHETHYHHX aJrOPUTMIB: «OCTPOBIBY i «MaiicTep-pobiTHrK». HaBeneno mnpu-
KJIa]] BAKOPUCTaHHS TCHETUYHOTO allrOPUTMY UIsl ONITHMI3allii 6araroeKcTpeMalibHOl (DyHKIIIL, 10 3aJISKHUTh Bifl BEMKOI KITBKOCTI ITapaMeTpiB.
[pencraBneHi ekciepuMeHTaIbHI aHi, 10 MiATBEPPKYIOTh TIepeBaru BUKOPUCTaHHS rpad)iyHUX MPOLECOpIiB AJsi 00UUCIICHD B MapaliebHUX
TEHEeTUYHMX aNropuTMax. BukiaieHi pexkoMeHaalii moxo0 JOUIbHOCTI 3aCTOCYBAHHS TeHETHYHHUX AJITOPUTMIB y PI3HUX CUTYaLlisiX.

KuarouoBi ciioBa: onTumizaiiis, TCHETUYHHI aITOPUTM, M’SIKi OOYHCIICHHSI, TCHETHYHI OlepaTopu, KOMyBaHHS PIllCHb.

Mochalin O. Ye.

PhD, Associate professor of department of information technology, Kyiv State Maritime Academy named after hetman Petro Konashevich-
Sahaydachniy, Kyiv, Ukraine

GENETIC ALGORITHMS IN OPTIMIZATION OF MULTIEXTREMUM FUNCTIONS WITH LARGE PARAMETERS NUMBER

An optimization problem is formally formulated. The main advantages and disadvantages of classical optimization methods are considered
for this problem. Basic prerequisites for the emergence and history development of the instrument of genetic algorithms are highlighted. The
current state of the bibliography which is dedicated to the use of search genetic algorithms is analyzed. The basic ideas and underlying principles
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of genetic algorithms functioning are considered. A review of the most commonly used genetic operators: crossover and mutation, is made. The
basic steps of classical genetic algorithm operation are analyzed in detail. The coding problem of solutions in the chromosomes and the
selection of individual pairs for crossbreeding are considered. Some common selection strategies are presented as well. The basic benefits of the
binary coding of solutions in the chromosomes that using Gray code are formulated. The recommendations are also given on the using of
solutions real coding in different situations. The two main classes of parallel genetic algorithms: «islands» and «master — slave», are described.
The example of using a genetic algorithm to optimize multiextremal function depending on a large number of parameters is showed.
Experimental data are presented which confirm the benefits of graphic processors using in parallel implementation of genetic algorithm. The
expediency recommendations of the use of genetic algorithms in different situations are set out.

Keywords: optimization, genetic algorithm, Soft Computing, genetic operators, coding of solutions.
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IMAGE CONTOUR SEGMENTATION IN HARDWARE

The use of Behavioural Synthesis for hardware generation of a contour-based image segmentation method is considered. The segmen-
tation method chosen, is a well-known, state-of-the-art, robust, efficient and fast-converging one, that combines functionals depending on
the curve geometry and image properties in a level-set framework. The cost function sought to be minimized, is formulated as a weighted
sum of three integral measures; a robust alignment term that leads the evolving surface to the edges of the desired object, a minimal variance
term that measures the homogeneity inside and outside the object, and a geodesic active surface term that is used mainly for regularization.
The algorithm is initially implemented in MatLab and ADA and subsequently, it is ported to our Behavioural Synthesis tool, the CCC HLS
framework, which is capable of delivering correct-by-construction RTL VHDL implementations of computation-intensive applications.
This way, behavioural ADA specifications are transformed into RTL micro-architectures which then can be easily implemented by commer-

cial RTL synthesizers.

Keywords: Image Contour Segmentation, High Level Synthesis, Custom Coprocessors Compilation, FPGA Implementation.

NOMENCLATURE

CCC Custom Coprocessors Compilation;

HLS High Level Synthesis;

RTL Register Transfer Level,

ITF Intermediate Tables Format;

PARCS Parallel Abstract Resource — Constrained
Scheduling.

INTRODUCTION

Lately, there has been a substantial progress in partial
differential equations and variational approaches in various
colour image processing tasks. Among the associated
computer vision application, one may typically find on one
hand; applications aiming to remodel (in the PDE/Variational
framework) more traditional tasks or on the other hand some
emerging applications [1]:

— Image restoration, which is historically considered to
be one of the oldest aims. Moreover, improving the quality
of the image is quite frequently, one of the first, necessary
preprocessing steps taken.

— Image segmentation, one of the most important steps
in image analysis, with its own well established theoretical
objectives and methodologies.
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— Image and video inpainting, used for restoration of
photograph cracks or errors due to image transmission and
image compression and coding applications.

— Image decomposition, into a sum of a geometric part
and an oscillating patterns (texture) part, used mainly in
image compression.

— Image classification, where variational models are
introduced in the place of more well-studied approaches
such as region growing and stochastic (mainly Markov
Random Field) based ones.

Accurate segmentation of various types of imagery, is a
well-studied, non-trivial, image and application dependent
task, which is however an essential step towards higher
level image understanding. It combines the early vision pre-
processing stages where salient features are highlighted
while others suppressed, and allows us to move to a more
effective scene analysis stage. Applications of image
segmentation can be found in a broad range of disciplines;
from medical diagnostic applications and inspection of
manufactured products to military, security and automotive
industry applications; traffic control systems and video
surveillance to face, fingerprint and iris recognition to name
a few.
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Generally speaking, image segmentation techniques can
be either region-based or edge-based, which take into
consideration the basic concepts of similarity and
discontinuity respectively. In many cases, segmentation is
formulated as an optimization problem where a set of
unknown parameters have to be estimated. With the level-
set approach the problem is posed as that of tracking a
moving interface. Curve and surface evolution can be
computed without having to parameterize the objects
(Eulerian rather than Lagrangian approach) which can
undergo complex topological deformations such as merging,
splitting and developing holes.

The aim of this work is to present the implementation of
a computationally demanding, image contour segmentation
algorithm in hardware. In essence, the algorithm has to be
discretized so that it can be efficiently ported to our CCC
HLS framework and thereby serve as a paradigm for future
implementations. Section I gives a brief problem statement.

Section II reviews related work. Section III outlines the
theory of geometric active contours and Section IV presents
the experimental results. Section V stresses the relation of
verification and synthesis flows for our experiments and
the last section discusses and concludes our work.

1 PROBLEM STATEMENT

The method’s input data as discussed also in later
sections are: the grayscale image /, the initial contour Pinitial,
the three weighting coefficients (w,, w,, w,) for the
respective contributing terms in the optimization scheme,
the time step 1, and the loop termination criteria; delta for
convergence and iter for the maximum number of iterations.
The method’s output is the final contour, @,

2 LITERATURE REVIEW

The desired properties of a good image segmentation
method, as defined in [2], are that it produces homogeneous,
in a sense, regions, with a simple hole-less interior, clearly
distinct from their adjacent regions, having accurate and
simple borders. There are mainly two broad segmentation
strategies which can be seen as being one the «dual» of the
other: The first one mainly exploits the notion of
homogeneity in regions, separated by sharp boundaries, to
identify meaningful objects. A well-known representative
method of the first approach is the seminal work by Mumford
and Shah [3]. In this paper, we concentrate on the second
approach which aims to segment an image by detecting the
contours of the different image objects. This is actually an
edge detection method, with the main principle of matching
deformable curves to the contour objects by means of a
suitable energy functional minimization. As examined below,
various improvements have been suggested over the years
to the original model leading to geodesic active contours
and the level sets method.

Usually, edge detection requires differentiation to detect
gray-level changes and smoothing, for noise reduction of
the image. The most common method of (first-order)
differentiation is the gradient, while on the other hand,
smoothing typically involves filtering with a 2D Gaussian.

Quite frequently, the combined smoothing and
differentiation of the image is implemented by filtering the
image with the differentiated smoothing filter, as in [4] for
example, where edges are defined as the zero crossing curves
of the Laplacian of Gaussian (LoG) applied to the image.

Active contour models, (or deformable models) which are
defined as energy-minimizing splines, with energy local minima
corresponding to the desired image characteristics, started with
the classical snakes [5], followed by non-variational geometric
active contours [6—7] and geodesic active contours [8].

3 GEOMETRIC ACTIVE CONTOURS

In two dimensions, a simple curve defines the object
boundaries. A given initial curve can evolve according to
its geometry and the information in the image. The evolution
is a result of minimizing an energy functional —a cost function
— which is influenced by image information along the curve
and the intrinsic geometry of the curve. Minimization of
such a measure leads to a curve that should coincide with
the boundary of the object. The first variation of the
functional is used to evolve a given curve toward a
significant local minimum of the functional, by applying a
gradient descent flow.

A more recent method [9], examined geometric functionals
that do not depend on the internal parameterization of the
curve, but rather on its geometry and the image properties
(geometric active contours). A weighted sum of three integral
measures is used, a robust alignment term that leads the
evolving surface to the edges of the desired object, a minimal
variance term that measures the homogeneity inside and
outside the object, and a geodesic active surface term that is
used mainly for regularization. The method has also been
used for segmentation of thin structures in volumetric medical
images [10], where the respective weights were modified for
different types of images (brain CTA, lung CT, MRI etc.).

The first functional considered is the Robust Alignment
Term:

E4r(©) = [ [(VIGt), pspmisl)ds, )

where the inner product gets high values if the curve normal
n aligns with the image gradient direction, therefore we seek
to maximize it.

The second functional is based on the Robust Minimal
Variance criterion (proposed in [11]) which is given by:

Epay (€)= [[ qelI(x,3) — et|dxdy + [ oy I(x,y>—c2\dxdy, @)

where ¢ and ¢, are the mean intensities inside and outside
the contour respectively and in the optimal case we look for
the best separating contour. The term is of high importance
in noisy images.

Finally, the Geodesic Active Contour functional which
is sought to be minimized (as it is an inverse edge indicator)
is given by:

Egac(C) = [} a(Cs))s. ©)

This regularization term can be particularly useful in order
to control the other two contributing terms (robust alignment
and minimal variance).

Now, computing the first variations for each of the
previous functionals, the optimization problem is posed as:

argmaxc, ., E(C,cy,¢3), “4)

where the combined functional is given below and o, P are
positive weighting constants, chosen empirically depending
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on the image, with ¢ usually much smaller than . A
suggested rule of thumb for determining the best
coefficients is that, when the image has a large amount of
noise, B should be large, else it should be small. Moreover,

when the variance of gray scales inside the object is large,
should be small:

E(C,c1,00) = EAR(C,c1,02) —0EG4c(C)=BEyy (C) , (5)

which has the following Osher-Sethian [12] level-set
formulation:

sign(<V(p, V1>)A1+owliv(g(x,y)‘§—a+ | |
¢ = Vo . 6)
Bles—c )<1—CI+TCZ>

The above formulation is shown in [9] to be solved
numerically using a locally one-dimensional, fully implicit
scheme:

-1
" = H/%:l (I-tad;) (" +m(e",VI), ()

where I is the identity matrix and the elements of the
operators A1 and A2 are (M is the distance between
neighbouring pixels):

gitg;

. if jeN(D);
o; =1 20
v gitg; .. .. ®)
> U J=Ln
2keN() 212 2
0, else,

and the function M is:

(e, V1) = sign((Vo,VI )AL +B(cy — ¢y )(1 —C“Tczj ©)

4 EXPERIMENTS

In this work, we expand on results that were reported
earlier in [13]. This contour-based method, has been shown
to be quite accurate and fast converging, in fact in all of the
images that we have experimented with, a total number of 10
iterations is sufficient for convergence, i.e. increasing the
number of iterations has no effect on the final segmented
mask. Fig. 1 depicts the contours for each one of the first
nine iterations, superimposed on the original image («mri»).

Specifically, in this section we present our experimental
results and the qualitative comparison of the three
implemented algorithms; the original MatLab version, a
«flaty version of the original method in MatLab again and
the GNU ADA «flat» version which is the input to our CCC
HLS tools (Fig. 2).

In building up our framework towards an efficient
hardware representation of the method, we re-implemented
the algorithm in MatLab (constructing a «flat» version of
the original method, i.e. with no function calls, for hardware
implementation efficiency), using 32-bit wide integers only
(to avoid overflowing), leaving all MatLab parallel
constructs out (and merging loops where applicable),
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Figure 1 — Contours for the first nine iterations

“Flat” MatLab method

|

“Flat” GNU ADA method

=

Original MatLab method

CCC HLS Tools

=

Figure 2 — The experimental framework

approximating square roots with the shifting n-th root
algorithm and scaling (X100) some constants to avoid using
any floats. Additionally, the time step t was set to 1 rather
than 0.5 and the well-studied example of G(x, y)=1 was used
as the inverse edge indicator. This lead to a great amount of
simplifications in computation, essential if the algorithm is
to be implemented in hardware. The results were compared
with the results obtained by the original method and were
found of equivalent quality.

Fig. 3 depicts results for the «football» image with the
original MatLab method. Simpler case images, such as those
with no noise, uniform background and no illumination have
been considered as well (as in [13]) but the main sequence
tested extensively has been «football», a rather challenging
one. The final contour is superimposed on the input image
frame and the originally suggested parameters were left
intact:

—wl=0.01 (weight for the geodesic active contour term);

— w2=4.0 (weight for the alignment forces term);

—w3=5.0 (weight for the minimal variance term);

— t=0.5 (the time step);

— iter=30 (maximum number of iterations);

— delta=0.0001 (the convergence criterion threshold).

A segmented mask can be constructed by means of the
final contour array elements’ signs image. Note that no
optimization on the contributing terms’ weights has been
exercised in this example.
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Figure 3 — Original MatLab method results

Fig. 4 displays the results with the «flaty version of the
original method in MatLab with the final contour appearing
in red and parameter values set to: wl=1, w2=400, w3=500,
t =1, iter=10 and delta=1.

The method reads the required grayscale or binary
images (initial contour and input images) and any required
weights and constants. Images are read and written in .ppm
format (portable pixel maps), which makes colour image
processing also feasible. An outline of the algorithm steps
is following:

— read input image (/) and initial contour (Q) arrays;

— initialize some essential parameters, namely the three
functional weights and the maximum number of iterations
and the convergence threshold which are used as possible
termination criteria;

— pre-compute first and second order derivative arrays;

— start the main while loop which tests for either
convergence (using the L2 norm) or exceeding the maximum
number of iterations — on each loop iteration do:

a) set the previous contour to be the current contour;

b) compute the minimal variance term (Fig. 5);

¢) compute the robust alignment term using the derivative
images (Fig. 6);

d) compute the new contour array by combining the
three functional terms (Fig. 6);

e) implement the main numerical formulation scheme
(previous implicit function) which utilizes Thomas algorithm
(simplified significantly with the previous assumptions) for
inverting the tri-diagonal operators A1 and A42;

f) set ® as a distance map of its zero set (previous
redistance function) and compute the new contour array
using fast-marching (previous update function);

g) check for convergence and increment iteration counter;

— end the main while loop.

Subsequently, the algorithm was implemented in GNU
ADA and a comparison of the results showed equivalence
in quality once more (Fig. 6). At this stage, we had to deal
with some additional incompatibilities with respect to integer
arithmetic, as MatLab rounds towards positive and negative
infinities, whereas GNU ADA (GNAT Programming Studio)
truncates towards zero.

Figure 4 — «Flat» method MatLab results

—-and compuce Threshold (LLoydMax)

for i in 1..HEIGHT loop
for j in 1..WIDTH loop
o0ldCout (i} {j) := Cout (i) (J
templ := Cout(i) {J)

if templ < 0 then A1(i) (j --create A1 := mask_in
else RA1(i} (] i
end if
A2{i) (] 1 — A1) (3 --create A2 := mask out
end loop
end loop
templ := [ —-to create mask in (Al) sum
temp2 3= 0; —to er mazk_out (A2) sum
temp3 = 0 o eate mask in*I sum
tempd = O —--to create mask out*I sum
for i in 1..HEIGHT loop
for j in 1..WIDTH loop

templ := templ + Al(3) (]
temp? temp2 + AZ (i) (]
temp := Alii) (3) * Iinii) (3
Temp3 = Temp3 + Cemp:
temp = A2(1i) (3) * Iin{i) (3)
temp4 = temp4 + Cemp
end loop
end loop
templ := temp3 templ
temp? = tempd temp2
temp3 := (templ + temp2 2
tempd = temp2 - templ
for i in 1..HEIGHT loop
for j in 1..WIDTH loop
templ := Iin(i} {j} - temp3
Threshold(i) (j) = tempd +
end loop:

templ; ——force:=temp4d.* (I-temp3)

Figure 5 — Computing minimal variance term

5 RESULTS

As stated, the designs were verified rapidly at the MatLab
and compiled ADA code level. Moreover, RTL-level
simulations were executed to prove the argument of the
correctness at the level of the automatically generated RTL
VHDL implementations, by the CCC behavioural synthesis
tools. Thus, we ported the code to our tool, the CCC HLS
framework in order to deliver correct-by-construction,
Register Transfer Level (RTL), VHDL implementations of
this computation-intensive application. The CCC framework
consists of the frontend and the backend compiler, which
communicate with each other via the ITF database.

The frontend compiler was built using compiler-compiler
techniques and the backend compiler using logic
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Figure 6 — Final mask for GNU ADA method

programming techniques [14]. Moreover the ITF syntax and
semantics are formally defined in [15]. Both of these
methodologies are already patented with international patents
[16]. The CCC synthesis flow is programmer-friendly, rapid
and formal, which guarantees the correctness of the generated
RTL implementation. Moreover, there are a number of custom
options that can be used to drive the CCC compiler with
specific environmental and other parameters.

The backend synthesis is optimized with the PARCS
scheduler. PARCS is a formal optimizer which attempts to
parallelize as many operations in the same clock cycle as
possible, as long as control/data dependencies and resource
constraints are obeyed.

This framework leads to behavioural ADA specifications
being transformed into RTL micro-architectures, which can
subsequently be implemented easily by commercial RTL
synthesizers. RTL-level simulations were carried out to verify
rapidly our designs and prove for correctness at the level of
the automatically generated RTL VHDL implementations.
Detailed experimentation with different images, validates the
robustness of the proposed framework.

In order to verify the correctness of the translation a
commercial tool from Mentor Graphics, Modelsim, was used
to create and execute the required testbench. Test vectors
(initial contour and input images) were created and fed into
the algorithm (Model Under Test or MUT) in both the
MatLab and the ADA environment. The actual output was
finally compared to the desired one (Golden Model) to
indicate a pass or fail outcome automatically.

CONCLUSION

The benefits of the proposed framework are significant.
The method that was considered can efficiently detect object
contours by considering the weighted sum of three
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functionals; robust alignment functional, motivated by the
fact that in many cases the gradient direction is a good
estimator of the contour orientation; minimal variance
functional, which seeks the best interior-exterior separation
based on mean intensity values; geodesic active contour
functional, a regularization term for other dominant terms.
The first variations of the three functionals are extracted,
formulated in a level-set framework and solved numerically.
Even though the whole process may seem quite complicated
and demanding at first sight, its FPGA implementation
proved feasible.

In our effort to port high level ADA coding to RTL
hardware, the use of our CCC tools proved invaluable;
behavioural synthesis was automatic, very fast and correct-
by-construction. Future work in this area includes
experimentation with other computer vision algorithms such
as optical flow and graph cuts, various neural network
structures, e.g. PCNN (Pulse-Coupled Neural Networks) and
RBFN (Radial Basis Function Networks), or other machine
learning algorithms.
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! Tokrop dinocodii, an’roHKT, acucreHT Kadenpy kadenpu KOMII'FOTepHOI imxeHepil, [HcruryT TexHonmoriunoi ocsitn 3axizHoi MakenoHii,
Kacropis, I'penis

2Jloxrop dinocodii, nouenT kadenpyu koM toTepHoi imxkeHepii, [HcTuTyT TexHONOrUHOI ocBiTH 3axinuoi Maxkenowii, Kacropis, I'peris

Iloxtop ¢inocodii, LleHTp ynpapiiHHs KOMII'IOTepPHUME Mepexamu, YHiBepcurer Suinu, SHina, [peris

ATTAPATHA PEAJIIBALISI KOHTYPHOI CETMEHTAIIII 30BPA’KEHB

Po3riHyTO BUKOPHCTaHHS IIOBEIIHKOBOIO CUHTE3Y [UIsl CTBOPEHHS allapaTHOIo 3a0e3IeueHHs KOHTYPHOI cerMenTallii 300pakeHs. B sxocti
MeToly cermeHTauii oopanuii 1o6pe Binomuii, HaiiHKH, epeKTUBHUI METON, 10 INBHKO 30iraeThesl, IKMii KoMOiHYe (DyHKIIOHAIH, 3aJI€KHI Bill
reoMeTpii KpUBHX 1 BIaCTUBOCTEN 300pa’keHHs y MHOXKHHI PiBHIB CTPYKTypH. MiHiMi30BaHa (yHKIIis BUTPAT (POPMYIIOETCS K 3BaXKeHa CyMa
TPHOX IHTErpaJIbHUX Mip: CTIHKOrO BUPIBHIOBAHHS (IIparHe PO3BHHYTU MOBEPXHIO J10 KpaiB OakaHOro 00’ekra), MiHIMaIbHOI Jicrepcii (BuMmi-
PIO€ OHOPIAHICTh BCEpPEMHI 1 30BHI 00°€KTa) 1 I€0Ne3MYHO aKTUBHOI IOBEPXHi (BUKOPHCTOBYEThCSI B OCHOBHOMY I peryisipusaliii). Ajro-
PHTM cro4aTKy peanizopanuii B Matlab i ADA, a norim, BiH nepeHecenuii y Ham iHctpymeHT IloBeninkoBoro cunresy — cepenosuiie CCC HLS,
sSIKE 3[JaTHE CTBOPIOBATU NpaBuiIbHO oOynoaHi RTL VHDL peanizauii goAatkiB, 1110 iHTEHCMBHO BUKOPHCTOBYIOTh OOUHC/IEHH. TakuM 4uHOM,
HOBEIHKOBI Xapakrepuctuku ADA neperBopioroThest y MikpoapXitektypu RTL, siki moTiM MOXyTb OyTH JIETKO peai3oBaHi 3a JIOIIOMOIOI0
komepuiiiux RTL cunresaropis.

KuiouoBi cjioBa: KOHTYpHa cerMeHTalis 300pakeHb, BUCOKOPIBHEBUH CHHTe3, 30ipka KOPHUCTYBaJIbHHLBLKHX compoueccopos, IIIC-
peanizais.

Amanarunuc Tumutpuoc!, loccue Muxawn®, Aunpoymmnakuc Hocug?

!Tokrop duocodun, agbIOHKT, aCCUCTEHT Kadeapsl Kaenpbl KOMIILIOTEPHOH HHXEeHepUH, VHCTHTYT TEXHOIOTHYECKOro 00pa3oBaHus
3anaguoit Makenonuu, Kacropus, ['perus

2Jloxtop ¢uocopun, TOUEHT Kadeapbl KOMIIBIOTEPHOH HHKEHEPHH, VIHCTUTYT TeXHOIOrHYeckoro obpasoBanus 3anaaHoi MakenoHuy,
Kacropus, I'penus

3[loxrop ¢unocopuu, LeHTp yrnpasieHns KOMIBIOTEPHBIME CeTsIMH, YHuBepcuter SHunsl, Snuna, Iperust

ATMTAPATHAS PEAJIM3ALIMA KOHTYPHOU CETMEHTAIIMU U30BPAKEHUI

PaccMoTpeHo ncnonb3oBaHue MOBEIEHYECKOTO CHHTE3a I CO3IaHMs aIlllapaTHOro 00ecreyeHus! KOHTYPHON CerMEHTalluU N300pakeHHiA.
B xauecTBe MeTOna CErMEHTALMU BBIOPAH XOPOLIO M3BECTHBIN, HaJeKHbIH, 3 (eKTHBHBII U ObICTPO cXonsALIMiics MeTO, KOMOUHUPYIOIIHI
(DYHKLHMOHAIIBI, 3aBUCAILME OT T€OMETPHU KPUBBIX M CBOHCTB M300pa’keHHsl BO MHOJKECTBE YPOBHEW CTPYKTYpbl. MUHUMU3MpyeMast (pyHKIMs
3aTpar (HOpMyIUpYyeTcs KaK B3BEIIEHHAs CyMMa TPEX MHTErpallbHbIX Mep: YCTOHUHBOrO BHIPAaBHUBAHUS (CTPEMUTCS Pa3BUTH ITOBEPXHOCTb K
KpasiM JKeJIaeMoro o0beKTa), MUHHUMAIBHOH AUCIIEpCHH (M3MEpSeT OJHOPOAHOCTh BHYTPH M CHAPYXH OOBEKTa) U Ie0[e3UYECKH aKTUBHON
MOBEPXHOCTH (UCIOJb3YETCs B OCHOBHOM JJIsl PEryispu3alin). AJIropuT™ M3Ha4alIbHO peann3oBad B MatLab u ADA, a 3arem, oH nepeHeceH
B Ham nHCTpyMeHT [loBenenueckoro cunare3a — cpery CCC HLS, koTtopast ciocodHa co3naBarh npaBuibHO noctpoeHHble RTL VHDL peanm3a-
LUH TIPUIIOKEHNUH, THTEHCUBHO HMCIIONB3YIOMINX BRIYHCICHU. TakuM 00pa3oM, moBesieHIecKie xapakrepucTuku ADA npeobpa3yroTcst B MUK-
poapxutektypsl RTL, koTOphIE 3aTeM MOTYT OBITh JIETKO pEealM30BaHbI ¢ OMoOIIbI0 kKommepdeckux RTL cuHTEe3aTOpOB.

KrodeBble c10Ba: KOHTYpHAs CErMEHTAaNUs N300pakeHN i, BEICOKOYPOBHEBBIN CHHTE3, COOPKa IMOIb30BATENBCKUX comnporieccopos, [IJINC-
peanu3anusi.
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TEST GENERATION AND SIMULATION FOR CROSSTALK FAULTS

The main models of crosstalk faults are defined: 1) induced positive and negative pulses, 2) induced delays. The purpose of the work is
to increase the effectiveness of the methods of constructing checking tests for digital systems based on an evolutionary approach and
models of non-const fault. Formalized statement of the problem of test generation for a single crosstalk faults-induced pulses and delays.
It is shown that this problem is reduced to solving a system of logic equations in the multi-valued alphabet. The 8-valued alphabet and multi-
valued functions for basic gates are defined. Simulation method was developed in the 8-valued alphabet for crosstalk faults. On this basis, the
genetic algorithm is proposed for test generation of single cross-faults. The test generation problem for fault-induced delay is formalized.
A genetic algorithm of test generation for fault-induced is proposed. Developed algorithms and software for test generation for crosstalk
faults, which improve the quality of test generation by using evolutionary techniques. The approbation of the developed methods is
implemented at circuits of international catalogs ISCAS85, ISCAS89, which showed an increase in the completeness of tests by 15%.

Keywords: test generation, crosstalk faults, genetic algorithms, multi valued logic, fault simulation.

NOMENCLATURE

a, is an aggressor line;

B, is a binary alphabet;

C, is a multivalued alphabet;

¢, is a capacitive value;

DF is a reducing delay;

DR is an increasing delay;

/,1s a primary output

FT is a backward front;

[, is an evaluation of aggression;

f. 1s an evaluation of excitation;
S is an evaluation of propagation;

S is a fitness-function;

g() is a victim-line function;

h() is an aggressor-line function;
n is a number of primary variables;
NG is a negative pulse;

P_is a crossover probability;

PG is a positive pulse;

P is a mutation probability;

RT is a forward front;

SO0 is a static zero signal;

S1 is a static one signal,

s, is a flag of belonging the subject line a;
X; is a primary input variable.
INTRODUCTION

The diagnostics of modern digital systems and their
element base increasing need of the analysis of not only
stuck-at faults, but also of more adequate models of physical
defects. Technological progress leads to density increasing
on chip, rising number of crossings in conductive layers
and speeding-up time frequency. As a result, the analysis of
physical defects affecting on time parameters of a circuit
and crossings in conductive layers is need. Especially it is
concerned deep submicron level design.

Increasing transistor number on chip leads to that bigger
number of element switches simultaneously and reduces
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voltage level of elements, and enlarges delay time. At the
same time, some crossing lines, which are suppose to be
electrically isolated, can interfere with each other. One of
such interactions, produced by parasitic coupling between
conductors, is called «crosstalk», and can bring to functional
problems, to performance degradation and makes worse time
characteristics.

The purpose of the work is to increase the effectiveness
of the methods of constructing checking tests of digital
systems based on an evolutionary approach and models of
non-constfault.

1 PROBLEM STATEMENT

Let the states of victim-line g and aggressor-line 4 are
described by the Boolean functions of primary inputs
variables, g(xj,x;,...,x,) and h(x,x,,...,x,). Similar on
every j-th primary output it is implemented Boolean function
(g h,x1,%x,...,x,), which depends of primary input
variables X = (x,X3,...,X,) and internal variables g and /.

For crosstalk fault detection with positive pulse (glitch)
it is necessary the primary inputs values, which guarantee
on aggressor-line % front RT, and on victim-line g — SO in
fault-free case. Then for given positive glitch crosstalk fault
test generation problem is reduced to searching solution of
following Boolean equations system (1)—(3):

h(xl’XZ"“’ xn): RT, (D
g(xlsXZy"-axn):SOs (2)

Fj(SO,R,xl,xz,...,xn) @Fj (PG,R,xl,xz,...,xn) =1, (3)

where (1) RT guarantees value on the aggressor-line 4, (2) —
the SO value on the victim-line g and guarantees propagation
of positive glitch effect from the victim-line g to some primary
output.

Similar for crosstalk detection with negative glitch it is
necessary primary inputs values that set-up value FT on
aggressor-line 2 and on victim-line g value S1. Then for



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2015. Ne 4
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2015. Ne 4

negative glitch test generation problem is reduced to searching
solution of following Boolean equations system (4)—(5):

h(xq,xp,.sx,) = FT, “)
g(xl,xz,...,xn):Sl, ®)

Fj(Sl,FT,xl,xz,..., xn)(-DFj(NG,FT,xl,xz,..., x,)=1.(6)

The test generation problem for the crosstalk delay fault
of backward/forward front is reduced to searching solution
of following Boolean equations system (7)—(9):

h(x|,%y,...,x,,) = FT / RT, @)
g(x1,Xp,m X, ) = RT / FT, ®)

F;(FT/RT,RT | FT ,x|,x3... %)) = DR,

where (7) FT/RT guarantees value on the aggressor-line 4,
(8) —RT/ FT value on the victim-line g and (9) guarantees
propagation of crosstalk delay effect from the victim-line g
to some primary output. In the right parts of equations (7)
and (8) we cited two values through slant line for backward/
forward front cases.

Obviously that checking test for crosstalk faults should
consist of pattern pairs, which guarantee mentioned above
conditions. If the above formulated equation systems do
not have solution then crosstalk induced pulse and delay
faults are undetectable at least in this problem setting.

2 REVIEW OF THE LITERATURE

The works in the aria of crosstalk fault simulation and
test generation are carried out since middle of 90-th and are
urgent for theory and practice of reliable design and
diagnostics of modern digital devices. They are based on
the application of different approaches such as timing
analysis, multivalued logics, critical path method, PODEM
algorithm modifications, structural deterministic and
simulation based methods etc [1-3]. There are considered
two basic types of crosstalk faults: crosstalk induced pulses
and crosstalk induced delays.

In the first case, quickly switching conductive line —
aggressor, can induce short pulse on static line — victim.
First type faults are often named «crosstalk glitch» and
caused by parasitic inducing between neighbor conductor
lines, which have inductive and capacitive constituents in
general. Depending on amplitude and width these pulses
can essentially effect on circuit characteristics [1, 4].

In the second case, an induced delay takes place when
on aggressor and victim lines (almost) synchronous signal
crossings are happened. If on both lines crossings have the
same direction then crossing time is reduced, and hence,
signal propagation delay time is reduced. This effect is called
crosstalk speedup. If signal crossing have opposite
directions then crossing time increases and effect of
crosstalk slowdown takes place [2]. If induced noise is over
the boundary voltage or induced delay exceeds allowed
value on victim line then it can lead to logical failures and
functional problems on neighbor flip-flops or outputs.

Research on modeling and testing «crosstalk» faults
since the mid90s. In [2] it was suggested the method, that is

based on search of input pattern pair that sets up defined
value of signal on victim-line and excites crossing on
aggressor-line, which provide fault effect propagation to
primary outputs. Crosstalk induced pulses were considered
in this paper. The authors in [3-5] have developed a mixed
test signal generator XGEN for «crosstalk» induced delays.
They suggested a mixed test generation method, where
analog simulation allowing evaluating signal delays is used
in binary patterns search.

Using Laplace transform they received expressions of
faults “crosstalk” in the s-domain, which are used to analyze
the dependence of the attributes of the pulse in the circuit
with lumped parameters and temporal characteristics of
fronts. Static timing analysis allows to define the time
windows for inputs and outputs of elements. The required
time window is determined as the intersection of time
windows «aggresson and «victim». For a given failure — a
particular pair of «aggressor-victim» approach allows to set
the required values for interacting lines and extend the
influence of the fault to the external output.

During test generation is used 11-digit alphabet and
modification of PODEM at step justification. The developed
algorithm does not guarantee the generation of tests as a
result of restrictions on the conditions of propagation
effects of malfunctions and used (11-valued) logic system.

In [6], the authors have developed a model path delays
in combination with a critical path and the sources set, by
interacting with it. It is used as a basis for test generation
method for the fault of the «propagation delay» without
phase justification. And on the stage justification it applies
genetic algorithm, which uses in the process of test
generation temporal characteristics.

Further, this approach was developed in [7], which
provides a solution to the problem of test generation in the
case of many of the «aggressors», so acting a certain way.
Here the implication graph is constructed which allows for
the logical and structural information schemes to check
conflicts in the process of test generation.

The paper [8] is devoted to testing of faults «crosstalk» —
induced delays. An algorithm for test construction uses the
generation of critical paths based on static timing analysis
of the circuit. Testability of sustainability criteria used for
checking the sensitivity of paths. To activate the sensor
path pair «aggressor-victimy in a way to maximize the impact
of the aggressor on the path and cause the signal
propagation delay along this path.

In [9], a test generator unit based on accurate delay
pattern is proposed. It is activated by a subpath to meet the
conditions of signal transitions. Known fault model of the
«delay» is modified for testing of induced delays. To reduce
the set of analyzed faults preprocessing is performed to
critical paths.

The authors in [10] have developed a method based on
test generation PODEM. To test the «crosstalk» must be
necessary transitions to the external inputs and provide a
propagation of the influence of the fault on the external
output. Each of these tasks is formulated separately, and
the final decision is the result of crossing making these
tasks. The 11-valued alphabet and PODEM method
modification at justification stage are used during test
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generation. Developed method does not guarantee test
generation in consequence of restrictions for fault effects
propagation conditions and using logical system.

In [12] to solve the problem of test generation for
«crosstalk» is used 0—1 integer programming based on
traditional algorithms for stuck-at faults. Maximum activation
of the aggressor is formulated in terms of linear programming,
and the impact of the propagation of the fault is solved by
traditional means. It should be noted that all of the above
papers in the test generation using mechanisms of «turning
back» scheme that require significant computing resources.
On the other hand there is a group of methods, which are
based on modeling and did not require a «bounce back».

These include, for example, [13] where the simulation is
used to test the cross-faults. It uses an algorithm for editors
fault-candidates, which allows to obtain a compact set of
target faults due to the exclusion of those problems that can
never be activated and detected. Here editing algorithm for
faults-candidates is used that allow get compact set of target
faults due to exclusion that faults, which never can not be
excited and detected. Under that sequential fault path delay
simulator was applied. Except that analog macro model for
evaluation of signal delays in consequence of crosstalk
interfering is used. Here one aggressor-victim pair is
associated with every crosstalk fault. Input patterns are
generated randomly during search process. Authors of [14]
suggested fault simulator that considers one victim-line and
set of aggressor-lines. Binary logical simulation and, as a
base, stuck-at faults tests are used in test generation. Note
that simulation-based methods demand good heuristics for
test pattern generation and generated test sequences have
big length, as a rule.

3 MATERIALS AND METHODS

An application of multivalued alphabets, which allow
more adequate simulate physical processes in digital devices
at logical level, is widely used method to increase
effectiveness test generation and simulation algorithms for
digital circuits [4]. In table 1 there is represented multivalued
alphabet C, (its symbols, encoding and physical
interpretation), which we suggested to use in test generation
and simulation algorithms for crosstalk faults.

Note that the primary inputs variables can take only
following four values: «static O» SO (0 — 0), «static 1» S1
(1 - 1), forward front RT (0 — 1), backward front FT (1 — 0).
Internal lines variables also can accept following additional
values PG (positive pulse), NG (negative pulse), DR
(increasing delay), DF (reducing delay).

From table 1 we can see that initial signals are binary in
fact. But it is more effective to simulate and compute in terms
of multivalued alphabet symbols, which allow to process
several clocks simultaneously. So the C, symbols belong to
Cartesian product of binary alphabets B,: Cg € By x By x B;.

For logical simulation purposes we should define logical
functions for basic gates in the terms of C alphabet. We
can do it in table form that is enough effective for simulation
goals. The table model for the basic gates AND, OR, NOT
are defined constructively on the base of physical sense of
C, symbols and functionality logics of given gates, and
there is represented in tables 2—4.
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Table 1 — Multivaluedalphabet Cq

Symbol Cs Interpretation Binary encoding
tt-1 tt t+1

SO Static 0 00 | 00| 00

S1 Static 1 11 111! 11
RT Forward front 00 | 11 11

FT Backward front 11 00 | 00
PG Positive pulse 00 | 11| o0
NG Negative pulse 11 ool 11
DR Increasing delay | o9 | 0o | 11
DF Reducing delay | 1 11 | oo

Table 2 — Definition of gate AND in Cg alphabet

AND | SO | S1 R F | PG| NG | DR | DF
SO SO | SO | SO | SO | SO | SO | SO | SO
S1 SO | SI R F | PG| NG | DR | DF
R SO | R R | SO | PG | DR | DR | PG

F SO | F SO | F | SO F SO F
PG SO | PG| PG |SO|PG| U SO | SO
NG | SO | NG| DR | F | SO | NG| DR | F
DR | SO | DR | DR | SO | SO | DR | DR | SO
DF SO | DF | PG| F | PG| F S0 | SO

Table 3 — Definition of gate OR in Cg alphabet
OR | SO | SI | R F | PG | NG | DR | DF

SO0 | so |si| R | F | PG| NG| DR | DF

SU | st |st|st| st |st]st]|st]si

R | R |st|{R|St|R]|SI]|R]|SI

F F | S1 | Sl F | DF | NG | NG | DF

PG | pG |si| R |DF|PG| st | R | DF

NG | NG | S1|S1| NG| Sl |NG|NG]| s1

DRI pDR|SI| R |NG| R | NG|DR | sI

DF | pr | s1|S1|DF |DF| s1 | S1 | DF

Table 4 — Definition of gate OR in Cg alphabet

NOT | SO | SI | R | F | PG | NG | DR | DF
S1 | SO | F|R|NG | PG | DF | DR

Let consider a combinational circuit with primary inputs
(x1,%3,....X,,) and primary outputs ( f{, f2,..., f,,) that have
crosstalk fault on some line. Under test generation for
crosstalk faults it is necessary:

— find out input patterns, which cause required signal
transient on aggressor line;

— find out input patterns guaranteeing necessary static
signal on victim line;

— find out input patterns propagating arisen crosstalk
effect from victim line to primary outputs.

Consider the problem of the test generation for multiple
delay faults induced by the various lines of aggressors. In
this case, the victim lines are included in some path,
connecting the external input to an external output of the
circuit [2].
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The set of the aggressor lines is formed by those lines,
which could affect the victim line and thus cause a delay of
signal propagation in the specified path. In solving this
problem must be solved at least three sub-tasks [2]:
1) selecting the set of critical paths, forming a line of victims;
2) The choice of the set of aggressor lines for a given critical
path; 3) generation of input test pair patterns that check-
induced delay for a given circuit path and the set of
agressors lines.

Selection of multiple aggressor lines set for given victim
line can be formalized as follows. Let A={a,,a.,..., a,} is the
set of possible aggressors lines. For each aggressor line a,
we define ¢, — the extent of its effect at the victim, which is
determined, above all, the value of the capacitive coupling
between these lines.

Next, we define a set of Boolean variables S={s , s.,...,
s}, where each variable s, corresponds to its aggressor a..
At the same time

{l,if a; belong to current aggressor set;
Sl

0, otherwise,

That is, each variable s, is a flag of belonging the subject
line g, to the current set of line-aggressors. Then the degree
of effect of the current set of aggressors to the victim line

m
can be defined as ZS[ -G
i=1
To maximize cross-induced delay for the current set of
aggressors, should be excited so that the effect of delay at
the victim line was a maximum. So it is necessary to find a

m
Boolean vector S, which takes place max ) _s; - ¢; and execute
i=1
the necessary logical conditions for generation the test pair
[2]. Obviously, this task has the overhaul nature and is
NP-hard. In the worst case would have to go through all
possible set subsets of 2" aggressor lines.

4 EXPERIMENTS

Crosstalk fault simulation is executed on the base of the
event-driven simulation using multivalued alphabet C, [4].
The simulation goal is checking crosstalk fault detection by
given input sequence. The generalized crosstalk fault
simulation algorithm for both crosstalk faults is given below.

Crosstalk fault simulation
logical circuit, input
aggressor, victim)) {
Circuit description
Circuit
Input sequence T entry;

Crosstalk fault entry;

FOR every pattern of input sequenceT({
Multivalued input pattern generation in C
alphabet;

If (condition crosstalk fault appearance) {
Crosstalk fault effect entry and activation
for given 1line pair(aggressor, victim);

Input pattern fault-free and fault simulation;
If (there 1is primary output with crosstalk
effect) given crosstalk fault 1is detected;

}

}

}

(combinational
sequence T, line pair

input;
initialization;

8

For positive and negative pulse induced crosstalk effect
entry PG and NG values should be set up on victim-line in
the process of fault simulation.

The example 1 of multivalued logical simulation in C,
alphabet is represented on figure 1 for circuit C17 from
benchmark ISCAS8S5. The positive glitch fault between
aggressor-line 19GAT(7) and victim-line 16GAT(8) is
considered. Note that the values for one test pair detected
given fault are represented here (Fig. 1).

The example 2 of delay induced fault for circuit C17
between victim-line h and aggressor-line i is presented on
the Fig. 2. In this case we can set forward front value RT on
aggressor-line I and backward front value FT at victim-line.

Genetic algorithm and multi-valued logic can be used in
test pattern search process [15, 16]. At that the genetic
algorithm provides a mechanism of random direct search of
test patterns pairs, which satisfy noted conditions. To our
point of view, application of evolutionary methods in test
generation for considered faults is more justified then for
classical stuck-at faults. It can be drawn an analogy with
numerical optimization problems where evolutionary
approach is used in cases of inapplicability of classical
gradient methods first of all. It is necessary to note that
genetic algorithms allow reduce synthesis problem to
analysis problem (in some sense). Under condition of
analysis tools presence (fault-free or faulty circuit
simulators) genetic algorithms provide direct random search
for synthesis problem solution. Under that synthesis and
analysis problems can be considered at different levels.

Classical «simple» GA uses three basic operators:
reproduction, crossover and mutation. Using these
operators, the population (the set of individuals-solutions
of considered problem) evolves from one generation to
another. Classical steady state GA may be represented as
the following sequence of operations that is shown in flow
chart of fig. 3.

lgat

Sﬂi. 1 0gat 51

Bfar
Slzgm
50 3gat

Sjﬁgai

Tzat S1/NG

] agressor

Figure 1 — Logical simulation of positive glitch in circuit C17

0
E;. lzat

EIC 10gat 51
Rb Zzat afan
EEnE-g_a.t Qfan
SE- fgat
l; Tgat

dgressor

Figure 2 — Logical simulation of delay induced fault in circuit C1
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In developed test generation genetic algorithm the initial
population of size N is generated randomly. Here each
chromosome (x;,x5,...,X,) is of length 2n bits, where n is

the inputs number. Note that each input x; € B, xB,
corresponds two consecutive bits, representing one of four
values SO, S1, RT and FT. The set of such pattern pairs is
population.

Generation of new population is done with using
following genetic operators. The tournament selection is
used here. On tournament selection [4,5] m individuals are
chosen randomly, then the best one of them is selected as
potential parent. This procedure is continued until
intermediate population is not formed. Here selection
parameter is 2 <m < N(m=2,3). Then crossover is
performed with a high probability P. As crossover operator
we apply uniform crossover in this case (Fig. 4).

The formed offspring are mutated with a low probability
P,, <<1 and inserted in current population. The classical
mutation operator is used. But it is applied for two-bit groups
instead one bit according to values SO, S1, RT and FT.

Parent selection is biased towards patterns with good
cover faults properties. We define fitness-function as linear
combination of three component:

ff:Wefe+Wpfp+cha, (10)

where f, evaluates input pattern — individual ability to excite

necessary value on victim-line, f, evaluates individual
ability to propagate crosstalk effect to primary outputs, f,,
evaluates input pattern — individual ability to take into
account aggressor lines effect. To evaluate fitness-function
components results of logical simulation in multi-valued
alphabet Cq is used. The next population is generated based
on the current population with using the same genetic
operators. The process is repeated until the stop criterion is
fulfilled.

Initialize a population ) | Select the Acceptable Output
: 3 raluate
of candidate solutions || Ev ‘l]IL"l,“' | best » solution | colikien
population L 3 0 id
Saman| lmcin-zduals found? |
Use genetic le No
operators to

create a new
population based
on old one

Figure 3 — Classical «simple» GA flowchart

Mask OC (1|0 |1[0]1
lctparent |1 (1 (0|1 (1
ojojOo|1]|0

v (4] [

Offspeing (1|0 |0 (0|1
O|{1]|0[|0]|0

] 1

2ndparent [ 0 | O 011
1j1|1({0]1

Figure 4 — Uniform crossover operator
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When implementing the proposed approach based Finite State
Machines programming [17], which allows to use object-oriented
features of faults. In addition, this approach allows to go from a
simple genetic algorithm to genetic programming that enables to
operate with more complex data structures of various dimensions
for potential solutions and extend a class of simulated faults.

5 RESULTS

For example 1, the simulation results show that positive
glitch fault between aggressor-line 19GAT(7) and victim-
line 16GAT(8) is detected on the both output lines for the
multivalued input pattern 1gat=S0, 2gat=S1, 3gat=S0,
6gat=S1, 7gat=FT, which corresponds to input test pair
1gat=0->0, 2gat=1->1, 3gat=0->0, 6gat=1->1, 7gat=0->1.

For example 2, on the figure 2 it is represented the example
of multivalued test pattern 1gat=S0, 2gat=RT, 3gat=S0,
6gat=S0, 7gat=FT, which detects given delay induced fault
for circuit C17 at the lines 16gat=DF (forward front delay)
22gat=DR (backward front delay).

The proposed method testing was performed at the
circuits of international catalogs ISCAS85, ISCAS89, which
according to international standards adopted to test new
methods of test generation. For a subset of ISCASS85,
ISCAS89 a number of computer experiments were
performedwhich confirm the effectiveness of the developed
methods. The results of test generation for single cross-
fault type including positive (negative) induced impulse and
induced delay are represented at table 5.

Except single cross-faults, the experiments were also
performed for cross faults with many aggressors. The results
are shown in Table 6.

6 DISCUSSION

It is seen that the average genetic algorithm provides a
2-fold greater fault coverage than random method. At the
same time, for the combinational circuits fault coverage is
70%. Note that for certain schemes (eg. S526, S420.1, S1238)
pseudo-random method does not generate check tests. For
sequential circuits are somewhat worse results, and the
average completeness of test is about 40%. But it should be
noted that many of the faults marked as targets (the number
of which is shown in the 2nd column tabl.6 is not feasible,
due to contradictory logical conditions and, therefore, the
actual fault coverage for cross fault is much higher.

CONCLUSIONS

It was shown for combinational digital circuits that
application of genetic algorithms and multivalued event-
driven simulation in C, alphabet allows effectively solving
the test generation problem for crosstalk faults.

Table 5 — Test generation for single cross talk faults

Circuit Fault coverage

Positive Negative Delay Delay

impulse impulse front | back front

PG NG DR DR DF

C432 98.05 99 100 98.01
C499 99 84.81 99.4 99.8
C880 97.09 95.13 98.16 98.85
C1355 88.15 94.41 99.18 99.43
C1908 89.75 96.77 95.63 93.88
C2670 90.31 94.15 94.71 90.45
C5315 99.70 99.87 99.71 99.72
C6288 99.91 98.97 99.31 99.32
C7552 97.23 98.28 99.05 97.03
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Table 6 — Test generation for cross talk faults with many

aggressors
Circuit | Number Fault coverage, % Time
of target | Pseudo Genetic (sec)
faults random | algorithm
C17 42 45,23 62.05 0.18
C432 9327 59.52 70.15 241.14
C449 21879 30.27 71.81 591.17
C880 9279 2.31 47.53 628.14
S27 74 6.78 37.87 0.39
S208 743 30.96 32.43 6.42
S208.1 558 1.63 4521 12.72
S298 537 43.04 62.58 9.43
S344 1190 64.38 66.14 18.53
S349 1197 30.51 57.92 19.24
S526 891 0.3 19.23 21.34
S386 4195 15.81 25.51 58.04
S510 1098 36.83 43.87 14.73
S420.1 1276 0.3 36.93 63.95
S820 7738 26.34 35.41 166.42
S1196 10630 0.3 14.61 782.45
S1238 5822 0.2 13.51 531.23
S1488 4305 18.43 22.45 184.52
S1494 4283 18.23 18.43 165.42
average 22.70 41.24 185.02

The problem of test generation for the new class not s-a-
constant faults is characteristic for modern digital circuits,
which have a high density of elements and high operating
frequencies. It is proposed a multi-valued alphabet C,,
developed models of multi-valued logic elements to this
alphabet, which allows to effectively simulate the cross-faults.

The modified genetic algorithm is designed for generation
of test input pattern pairs, checking single fault «induced
impulses».

Also the problem of the test generation for single cross
faults such as «induced delay is considered. Has received
the further development of the method of multi-valued logic
simulation in the alphabet, which allows you to simulate the
new class is not constant — as a cross-fault-induced pulses
and induced delays. Modified genetic algorithm for
constructing test sets of pairs of input sequences that cross-
check single failure of the» induced delay. The problem of
test generation for fault-induced delay with many lines-
.aggressors is considered.

A software module developed by a multi-valued
simulation and genetic algorithms for constructing tests for
non-classical (constant) cross-faults, which are integrated
into the system simulation and test generation ASMIDA.

Completed testing and verification of the effectiveness
of the developed software modules for the logic circuits are
not the fault of the international classical catalogs and
ISCAS85 ISCASS89, who confirmed to achieved high
performance characteristics.
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Cko6nuos 0. O.!, Cko6nos B. 102, Illansito A. A2

!I-p TexH. Hayk, npodecop, 3aB.kapeaporo ACY JIoHE[pKOro HalliOHAIBHOTO TEXHIYHOrO yHiBepcutery, JloHenbK, YKpaiHa

2KaHj. TeXH. HayK, [OLEHT, NPOBIAHMN HayKoBHUil criBpoOiTHUK MaGoparopii npobiem 3axucry indopmauii O6’€AHAHOTO IHCTHTYTY MPO-
oem inpopmatukun HAH Benapyci, Mincek, Benapych

3[1-p TexH. HayK, npodecop, 3aB. Kadeapu TEXHOJOril mporpaMyBaHHs YHiBepcuTeTy iH(OpMaUiiHUX TEXHOJOTiH, MEXaHIKH Ta ONTHUKH,
Canxr-IlerepOypr, Pocis

MNOBYJAOBA TECTIB 1 MOJAEJIIOBAHHS JJIs1 HIEPEXPECHUX IMOMKOIXXEHb

Po3risiHYyTO OCHOBHI MojIeni HepexpecHux HecrpaBHoctei ( crosstalkfaults ): 1) iHIykoBaHiI MO3UTHBHI 1 HEraTWBHI IMITyJIbCH, 2) iHAyKOBaHI
3aTpuMKU. MeTta poOOTH — MiJBUINEHHS e(pEKTUBHOCTI METOAIB MOOYIOBH MEPEeBipsIIBHUX TECTIB HU(POBUX CHCTEM Ha OCHOBI €BOJIOLIITHOrO
IiXoMy 1 Mojeneli HeKOHCTaHTHHX HeclpaBHocTell. dopManizoBaHa IOCTAaHOBKA 3ajadi IeHepalil MepeBipsuIbHOTO TeCTy Ul OJMHOYHUX Iepe-
XPECHHX HECIIPaBHOCTEH — iHJyKOBAaHHX iMITYNbCiB i 3aTpuMok. ITokaszaHo, Mo I 3ajada 3BOAUTHCS O PO3B’SI3aHHS CHCTEMH JIOTIYHUX PIBHSHb B
GararosHayHoMy andasiti. BusHaueHo §-3HaunHuMil GararosHa4HUH andasiT i GyHKII] OCHOBHUX BEHTHIIB y IboMy andasiri. OTpuMaB pO3BUTOK
METOJ MOJIENIOBAaHHS IIePeXpecHHX HeclpaBHOCTed B 8-3HauHOMy andasiti. Ha 1iif 0CHOBI po3po0IeHO reHeTUYHHH aITOPUTM IIOOYTOBH Iiepe-
BIpPSUIBHHX TECTIB JUIS OJHHOYHHX IIEPEXPECHHUX HecHpaBHOCTell. PosrminyTo 3amady reHepamii mepeBipsiIbHOTO TECTy JUIS HECIIPAaBHOCTI iHTYKO-
BaHa 3aTPHMKa. 3allpOINOHOBAHO IEHETHYHHH alTOPUTM IOOYNOBH HEPEeBipsUIBHHUX TECTIB A HECIPAaBHOCTI iHIyKOBaHA 3aTpuMKa. Po3pobieno
ITOPUTMIUHE Ta IporpaMHe 3a0e3ledeHHs Ui TeHepallii TeCTiB I MepexXpecHUX HEeCIPaBHOCTEH, sKe J03BOJIE MiJBHIIUTH SKICTh IEPeBipsIIb-
HHX TECTIB 32 paxyHOK BHKOPHCTAHHS €BOIIOIIMHUX METOIIB Ta MoJelNeil HeKOHCTAaHTHHX HecnpaBHOCTed . IIpoBeneHo ampobariro po3poOIeHHX
METOJIiB Ha cxeMax MixHapoaHux karanoriB ISCAS85 , ISCAS89 , ska mokasana 30UIbIICHHS HOBHOTH TecTiB Ha 15%.

KarouoBi cioBa: moOynoBa TecTiB, epexpecHi HeCIPaBHOCTI, TeHETUYHUH aIropuT™, 6araTo3HadHa JIOTiKa, MOJEIIOBAHHS ITOIIKOKEHb.

Cko6uos 0. A.!, Cxo6uos B. 10.2, [llansito A. A3

!JI-p Texn. mayk mpodeccop, 3aB. kapeapoir ACY JIOHENKOTO HAIMOHAILHOTO TEXHHYECKOTO YHHBEpCUTETa, JJOHENK, YKpanHa

2KaH/. TeXH. HayK, AOLEHT, BEAYLWIHI HaydHbIH COTPYAHUK JaGoparopuu mpobieM 3amuthl nHGpopMaunun OObeANHEHHOTO HHCTHTYTA
npobiem uHpopmaTiki HarmoHaneHOW akanemuu Hayk bemapycu, Munck, benapych

3I1-p TexH. HayK, mpodeccop, 3aB. Kadeapoll TEXHOIOTHH IPOrPAMMHUPOBAHHA YHUBEpPCUTETa HH(GOPMALMOHHBIX TEXHOIOIHH, MEXaHHUKH
n onrtuku, Cankr-IlerepOypr, Poccus

MOCTPOEHUE TECTOB ¥ MOJEJWPOBAHME JJI51 MNEPEKPECTHBIX HEMCIIPABHOCTEM

PaccMOTpEeHBI OCHOBHBIE MOJEIH IIepPEeKPecTHBIX HeucmpaBHocTed (crosstalkfaults): 1) mHAyHMUpOBaHHBIE MOJIOKHUTENbHBIE H OTPUIATENb-
HBIE HMITYJIBCHI, 2) HHAYIUPOBAHHEIE 3aJepKKH. Llenb paGoTsl — moBbImeHne 3Q(HEKTHBHOCTH METOJOB IOCTPOCHHS IIPOBEPSIOMNX TECTOB
OUGPOBEIX CHCTEM Ha OCHOBE DBOJIOIMOHHOIO MOAXOIa M MoJelell HeKOHCTaHTHBIX HeHcnpaBHOcTel. dopMann3oBaHa IIOCTAaHOBKA 3a/Jadd
reHepaliy IPOBEPSIOINero TecTa UL OJHHOYHBIX HMEepPeKPECTHBIX HEHCIPABHOCTEH — MHAYIUPOBAHHBIX HMITYJILCOB U 3ajepikek. IlokazaHo, 4TO
9Ta 3ajada CBOJHUTCS K PEIICHHIO CHCTEMBI JIOTHYECKHX ypaBHEHUI B MHOrO3HauHOM andasute. OnpeeneH 8-3HAUHBIH MHOTO3HAYHBIH anpaBuUT
1 QYHKIMU OCHOBHBIX BEHTHJIEH B 3ToM andasure. [lomydun pasBuTHE METOX MOAEINPOBAHUS IEPEKPECTHHIX HEHCIPABHOCTEH B 8-3HaYHOM
andasure. Ha 3Toif ocHOBe pa3paboTaH T€HETUYECKUI aIrOPUTM HOCTPOCHUS MPOBEPSIONIUX TECTOB IS OJMHOYHBIX HMEPEKPECTHBIX HEUCIIPaB-
HocTell. PaccMoTpena 3ajada reHepalliH IPOBEPSIOIIETo TecTa IS HEHCIPAaBHOCTH HHIYIUPOBAaHHAs 3anepikka IIpennoskeH reHeTHYeCKHU
AITOPUTM IIOCTPOEHHUS IPOBEPSIONIUX TECTOB IS HEUCIIPAaBHOCTU HHIYIHPOBAHHAS 3a/iep>KKa CO MHOTHMH JIMHHSAMH-.arpeccopamu. Pazpabo-
TaHO AJTOPUTMHUYECKOE U HMPOrpaMMHOE obecledeHne Ul TeHepaluH TeCTOB UL IEePeKPECTHBIX HEHCIPAaBHOCTEH, KOTOPOE II03BOJISET MOBEI-
CHTh KAa4eCTBO IIPOBEPSIOMIUX TECTOB 3a CUET HCIIOIB30BAaHHS JBONIONUOHHBIX MeTonoB. IIpoBeneHa ampobamus pa3paOoTaHHBIX METONOB Ha
cxeMax MexayHaponHbsix kartainoros ISCAS8S, ISCAS89, kotopas mokasajla yBelIM4YeHUE IOJHOTHI TeCTOB Ha 15%.

KaioueBble ci0Ba: reHepanus TECTOB, IIePEKPECTHbIE HEUCIIPABHOCTU, TeHETHUECKUI alTOPUTM, MHOTO3HAYHAs JIOTHKA, MOJEINPOBAHUE
HEHCIIPaBHOCTEH.

REFERENCES 9. Li H., Li X. Selection of Crosstalk-induced Faults in Enhanced
Delay test, Journal of Electronic Testing: Theory and
Applications, 2005, Vol. 21, No. 2, pp. 181-195.

10. Palit A. K., Duganapalli K. K., Anheier W. Test Pattern
Generation for Crosstalk Faults in DSM chips using Mofified
PODEM, Eectronics System integration Technology Conference,
Greenwich, 1-4 September 2003 : proceedings. Los Alamitos,
IEEE, 2003, pp. 393-398. DOI:10.1109/ESTC.2008.4684311.

11. Chun S. Kim Y., Yang M.-H., Kang S. XPDF-ATPG: An Efficient
Test Pattern Generation for Crosstalk-Induced Faults, Asian Test
Symposium, Sapporo, 23—-24 November 2008 : proceedings.
Los Alamitos, IEEE, 2008, pp. 83-88.

12. Ganeshpure K. P., Kundu S. On ATPG for Multiple Aggressor
Crosstalk Faults in Presence of Gate Delays, International Test
Conference, Santa Clara, 23-25 October 2007 : proceedings.
Los Alamitos, IEEE, 2007, pp. 1-7.

13. Chary Sh., Bushnell M. L. Automatic path delay test generation for
combined Resistive Vias Resistive bridges and Capacitive Crosstalk
delay faults, International conference on VLSI Design, Hyderabad,
3-7 January 2006. Los Alamitos, IEEE, 2006, pp. 413-418.

14.Phadoongsidhi M., Saluja K. K. SCINDY: Logic Crosstalk Delay
Fault Simulation in Sequential Circuits, International Conference
on VLSI Design, Kolkata, 3—7 January 2005 : proceedings. Los
Alamitos, IEEE, 2005, pp. 820-823.

15.Skobtsov Yu. A., Spieransky D. V. Evolutsionnye vychislenia.
Moscow, National Open University «INTUIT», 2015, 331 p.

16.Skobtsov Yu. A., Skobtsov V. Yu. Evolutionary test generation
methods for digital devices, Design of Digital Systems and Devices.
[eds.: M.Adamski et al.]. Berlin, Springer-Verlag, 2011,
pp.- 331-361. — (Lecture Notes in Electrical Engineering, Vol. 79).

17. Shalyto A. A., Polikarpova N. I. Avtomatnoe programmirovanie.
Sankt-PeterburgPiter, 2009, 176 p.

1. Skobtsov Yu. A., Spieransy D. V., Skobtsov V. Yu. Modelirovanie,
testirovaniei diagnostika tsifrovyx ustroystv. Moscow, National
Open University «INTUIT», 2012, 439 p.

2. Rubio A., Ttazaki N., Xu X., Kinoshita K. An approach to the
analysis and detection of crosstalk faults in digital VLSI circuits,
IEEE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, 1994, Vol.13, No. 3, pp. 387-394.

3. Chen W. Y., Gupta S. K., Breuer M. A. Analytic Models for
Crosstalk Delay and Pulse Analysis under Non-Ideal Inputs,
International Test Conference, Washington, Nov. 1997 :
proceedings. Los Alamitos, IEEE, 1997, pp. 809-818.
DOI:10.1109/TEST.1997.639695.

4. Chen W. Y., Gupta S. K., Breuer M. A. Test generation for Cross-
Induced Delay, International Test Conference, Atlantic City, 28—
30 September 1999 : proceedings. Los Alamitos, IEEE, 1997,
pp. 191-200. DOI:10.1109/TEST.1999.805609

5. Chen W. Y., Gupta S. K., Breuer M. A. Test generation for Cross-Induced
Faults: Framework and computational results, Journal of Electronic
Testing: Theory and Applications, 2002, Vol. 16, pp. 17-28.

6. Krstic A., Liou J.-J., Jiang Y.-M., Cheng K.-T. Delay Testing Considering
Cross-Induced Effects, International Test Conference, Baltimore, 30
October 01 November 2001 : proceedings. Los Alamitos: IEEE,
2001, pp. 558-567. DOI:10.1109/TEST.2001.966674.

7. Bai X. Dey S., Krstic A. HyAC. A Hybrid Structural SAT Based
ATPG for Crosstalk, International Test Conference, Washington,
30 September — 2 October 2003 : proceedings. — Los Alamitos:
IEEE, 2003, pp. 112-121. DOI:10.1109/TEST.2003.1270831.

8. Arunachalam A., Arunachalam R. A Novel Algorithm for Testing
Crosstalk Induced Delay Faults in VLSI Cicuits, International
Conference on VLSI Design, Kolkata, 3—7 January 2005 :
proceedings. Los Alamitos, IEEE, 2005, pp. 479-484.

78



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2015. Ne 4
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2015. Ne 4

Y/IK 004.052.42: 004.053: 004.94

Wkapynuno B. B.", KyaepmeTtos P. K.2, MNMonbceka O. B.2

'KaHO. mexH. Hayk, cmapuwuli suknadad kaghedpu KOMIMTIOMePHUX cucmeM ma Mepex 3arnopi3abKo2o HayjioHarbHO20 MEXHIYHO20
yHieepcumemy, 3anopixxs, YkpaiHa

2KaHO. mexH. Hayk, OoyeHm, 3agidysay kaghedpu KOMM'IOMEPHUX cCUCMeM ma MepeX 3anopi3abKoeo HauioHarbHO20 MEXHIYHO20
yHieepcumemy, 3anopixxs, YkpaiHa

SCmapwuli suknadad kaghedpu KOMMTIOMEPHUX CUCMEM ma Mepex 3arnopizbko20 HayjioHarbHO20 MEXHIYHO20 yHigepcumemy,
Banopixxa, YkpaiHa

DEVS-OPIEHTOBAHA METOOMKA BANIQAUIT KOMMO3UTHUX
BEB-CEPBICIB

3anpornoHoBaHO METOAMKY Bajifalii KOMIO3UTHUX BEO-CEPBICIB 3a paXyHOK CHUHTE3y IMiTaliffHUX NMCKPETHO-NMOAIMHUX Mojenel Ha
ocHoBi (opmanismy DEVS. lle n03Bossie BUKOHYBaTH aBTOMAaTH30BaHy NEPEBIPKY NPUIATHOCTI TAKMX CHUCTEM JIO LLIbOBOIO BUKOPUCTAHHS
IpU MPOEKTYBAaHHI LHIIIXOM IMITallifHOro MOJEIIOBaHHS. B AKoCTI BXiIHUX JaHMX BUKOPHUCTaHO (popMajbHy crenudikalilo Ha OCHOBI
temnopanbHoi soriku TLA, mo 103Bojis€ MaTeMaTHYHO CTPOro HMpPEACTaBIATH (QYHKLIOHAIbHI XapaKTePUCTHKM KOMIO3UTHHUX CEPBICIB y
(dopmaTi 00uMCIIOBaTIBHUX INpoLeciB. 3a aHanTHuHy Mojenb B ocHoBI TLA-cnenudikanii B3sato ctpykrypy Kpinke. ¥ mexax Meroauku
3aIIPOIIOHOBAHO IpaBuUila CUHTE3y 13 BuXinHOI TLA-cnienudikanii DEVS-Moneni KoMIO3UTHOTO cepBicy, IpU3HaueHoi OyTH 3aco00M BaiJarii.
Pesynbrytoua DEVS-Mozens ckinanaeTbes i3 Mojeneil aromapHUX cepBiciB, MOfieNi KIIi€HTa KOMIIO3UTHOIO CEPBICY Ta MOJENl KOOpAuHATOpa
aTOMapHHX CepBiciB, o (yHKUioHYe 3rigHo crnenndikanii WS-BPEL.

Jlns mepeBipKM METOJIMKH IPOBEIEHO €KCIEPUMEHTAIbHI JOCTIIXKEHHS, O MiATBEpIHIN afeKBaTHICTb pe3ynbTyiouoi DEVS-moneni.
IlepeBipKy 31iiCHEHO 3TiIHO 3aIIPOIIOHOBAHOTO IT1IXO/Y, 110 MOJISTa€e y MOPIBHIHHI Pe3yIbTaTiB BaTigamii IUITXOM IMITAIlIifHOTO MOJICIIFOBAHHS
i3 pesynbTaTaMu Balifalii IUIIXOM TECTYBaHHA. 3a pe3yIbTaTaMU MPOBEJNECHUX HOCIIIKEHb OOIPYHTOBAHO AOLLUIBHICT BUKOPHCTaHHS
3aIpOIIOHOBAHOI METOIUKY IIPH IIPOEKTYBAHHI KOMIIO3UTHHX CEPBICIB, 1110 0a3y€eThCs Ha 3MEHILEHHI YaCOBUX BUTpAT Ha Bajifauito. Haronomeno
Ha JOPEYHOCTI BUKOPUCTAHHS METOAUKH IIpH iTepauiiiHiii po3pooui.

Kuarouosi cioBa: SOA, WS-BPEL, xomnosutHuit Be6-cepBic, crienuikamis, Bepudikamis, saninanis, TLA, DEVS.

HOMEHKJIATYPA

AWS — Atomic Web Service;

CPU — Central Processing Unit;

CWS — Composite Web Service;

DEVS — Discrete Event System Specification;

JAX-WS — TexHonoris CTBOpEHHS aTOMapHHX BeO-
CepBiCiB;

ODE - Orchestration Director Engine;

RAM - Random-access Memory;

SOA — Service-oriented Architecture;

TA — Timed Automata;

TLA — Temporal Logic of Actions;

UML - Unified Modeling Language;

i (x) — (yHKIIS 3aJeXKHOCTI YaCOBUX BUTPAT HA MOJE-
JIIOBaHHS Bijl 3aTpUMOK AWS;

1 (x) — (YHKIIIS 3aJI©KHOCT] OI[IHOYHUX 3HAYEHb MOKa3-
HUKA &ilf Big 3aTpruMoKk AWS;

f3 (x) — (YHKIIiS 3a71€KHOCT] (PAKTHIHUX 3HAYEHD MOKA3-
HMKa &Zf Bix 3arpuMok AWS;

Init — ymoBHe no3HaueHHs TLA-crienugikamnii po3miTku

L(so) crpyktypu Kpinke;
[P — MHOXHWHA BXIJIHUX TMOPTIB CKIAJCHOI (pe3y/bTyrO-
yoi) DEVS-moneni CWS;

WS-BPEL — Web Services Business Process Execution
Language;

OIl — obuuncioBaJIbHUIN TIPOIIEC;

activate — NOBIIOMJICHHs akTHBalil moxerni MG,

AP — MHO)XXMHa aTOMapHHUX BHUCJIOBIIOBAHb (JIiTepalis);

Atomics — MHO)KMHA aTOMapHHX MOJICTICH y CKiIai pe-
3ynbTyrodoi moneni CWS;

break — GyHKIIS BUIANICGHHS MIXKIIOPTOBUX 3B’SI3KiB
DEVS-moneni CWS;

Calc — ymoBHe no3HaueHHss TLA-cnenugikaiii okpe-
moro OIT;

Cnd — yMOBHe Mo3Ha4yeHHs crenudikamii po3MiTKu
L(s);

D — MHO)KMHA JIONYCTUMHX 3HauCHb 3MIHHHX CTaHIB;

e — dYac, 1m0 MPOWIIOB BiJl OCTAHHLOTO IMEPEXOy

(s,s")eR;
ev — NOBiIOMJIEHHS akTuBaLii Moaem MA;;
F — cTaTUCTUUHMIA KpuTepiii Dimrepa;
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DOI 10.15588/1607-3274-2015-4-12

Job; — j-a 3asiBka Ha 0OCIyrOByBaHHS;
L — QyHKIisS pO3MITKH CTaHIB CUCTEMH TEPEXOJIiB;

L(s) — PO3MITKa MOTOYHOTO CTaHy CHUCTEMH TIEPEXOJIiB;

L(s') — PO3MITKa HACTYITHOTO CTaHy CHCTEMH TNEPEXOIiB;

m — kibkictb AWS y cknaai CWS;

m' — bakrnuna kitbkictb AWS y cknagi CWS, HeoOxinHa
st okpemoro OIT;

M4; — 6azoBa DEVS-monens j -ro AWS;

MC — 6a3oBa Monenb koopauHatopa AWS;

MG — 6a3oBa Mojelb KilieHTa (reHepaTtopa 3asiBOK Ha
00CIIyrOByBaHHs ),

OP — MHOXXWHA BUXIJJHUX TIOPTIB CKJIaJICHOT (pe3y/IbTyI0-
yoi) DEVS-moneni CWS;

R — MHOXHHA TIEPEXOJliB MK CTaHAMU,

res, — UIyKaHUH PE3ynbTaT eKCIEPUMEHTAIbHUX 004uc-
JIeHb;

rs — MOBIZIOMIICHHS-pe3yIbTaT poboTd Momeni MA;;

S — MHOXHHA CTaHIB CHCTEMH TEPEXOJIiB;

S( — TOYAaTKOBHMH CTaH CHCTEMH IIEPEXOiB;
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

s — TOTOYHUI CTaH CHUCTEMH IEPEXOJIiB;
s’ — HACTYIHHUI CTaH CHUCTEMH IIEPEXOJIiB;
set — QYHKIisS BCTAHOBIIEHHS MDXKITOPTOBHX 3B’SI3KiB
DEVS-moneni CWS;
ST — MHOXXHMHa MIiTOK cTaHiB atomapaux DEVS-mone-
JIeit;
¢t — cratucTHaHHi Kputepiit Cr’1ofeHTa;
ta — GYHKUIS TPOCYBaHHS MOJEIBHOTO 4acy;
UNCHANGEL — KIHO4O0BE CIIOBO I BU3HAYECHHS IICEB-
Joroii y crenmikarii;
V — MHOXHMHA 3MIHHUX CTaHIB CUCTEMH MEPEXOIiB;
X — TeMIopajbHHH OIepaTop 4acOBOTO 3CYBY;
MA;
8e)ct
MC
6ext
MG
86)“
MA: . . . . .
8+ — BHyTpinms QyHkuis nepexonis DEVS-moneni M4;;
MC
8int

—30BHIIHA QyHKLiA nepexonis DEVS-moneni MA4;;
— 30BHImHSA QyHKUis mepexoniB DEVS-moneni MC;

— 3o0BHilHs GpyHKLis nepexoaiB DEVS-moneni MG;

— BHyTpinTHA GyHKuis nepexonis DEVS-moneni MC;

5MC — puyTpins ynxuis nepexonis DEVS-mozneni MG ;

s M4 — Pymkuis onepxanms pesynsraty pobotn DEVS-
mozeni MA;

) MC — pynxuis onepanns pesynbrary podorn DEVS-
mozerm MC;

)\MG — dynkuin onepxanns pesysraty podorn DEVS-
mozmen MG

&s/ — IOKa3HUK (yHKIiOHATBbHOI Xapakrepuctukn CWS
IpU MOJIETIOBAaHHI;

Ejf — MOKa3HHUK He(yHKIIOHAJIBEHOI XapaKTepHCTUKU
CWS npu MozenoBaHHi;

&tf — NOKa3HUK (YHKIIOHATBHOI Xapakrepuctuku CWS
IIpH TECTYBaHHI,

t . "
€y — TOKa3HUK HeQYHKIIOHANBLHOI XapaKTePUCTHKH
CWS npu TecTyBaHHI.

BCTYII

Ha chorozni npu oprasizaiiii pi3HOMaHITHHX Oi3HeC-1po-
1eciB (y 3arajibHOMY BHNAIKY — OOYHCITIOBAILHHUX TPOIIECIB)
IHTEHCHBHO BUKOPHUCTOBYIOTHCSI TEXHOJIOTII CTBOPEHHS PO3-
MOJIIICHUX TIPOTPAMHHX CHCTEM Ha OCHOBI apxiTekTypu SOA.
Bianosiguno no nmpunnumnie SOA, QyHKIIIOHYBaHHS TaKHX
CHUCTEM MOXKe OyTH pealli3oBaHe IUISAXOM IICHTPaIi30BaHO-
ro KOOpJWHYBaHHS OCHOBHHUX KOMIIOHEHTIB (Hajayi —
cepBiciB a0o aromapHux cepgiciB) [1]. besnocepennbo cuc-
TEMH MPUHAHATO HA3UBATH KOMIO3UTHUMHU cepBicamu (CWS).
Po3noBcrokeHrM 3aC000M CTBOPEHHS CEPBICIB € TEXHOJO-
rig JAX-WS [2].

Jlnst mepeBipku KOpeKTHOCTI (DyHKI[IOHYBaHHS Ha3BaHHX
KOMIIOHEHTIB MOe OyTH MpPOBEICHE MOAYIbHE TECTyBaHHS
[3]. TlepeBipka y3roJkeHOCTI B3a€MOJil CEpBICiB MpHU
3aificHeHHi fomyctiMux cueHapiiB OIT MoxiMBa 3a paxyHOK
(dhopmaiibHOl Bepudikalii cnenudikariiid. 3a3HaveHi nepeBipku
CIpSIMOBaHI Ha BCTAHOBJICHHS BiJIIOBIJHOCTI MPOEKTOBAHOT
SOA-cucremu 3amaHuM BuUMoraM. [liITBEpIKEHHS I[LOTO
[UISIXOM CYMiCHOTO MPOBEICHHS MOYIbHHX TECTYyBaHb Ta
(dbopmasbHOl Bepudikallii, oHAK, HE JT03BOJSE (OPMYITHOBa-
TH CYDKEHHS BIJIHOCHO 3a/I0BUTBHOCTI (DYHKIIIOHYBaHHS CHC-
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TEMH B pealbHHUX yMoBaX. Taka motpeba BUHHKAE y 3B 3Ky i3
JIOLTBHICTIO BpaxyBaHHS IIPH NPOCKTYBAaHHI Takox 1 HedyH-
KI[IOHATEHAX XapaKTEPHUCTHK CEPBICIiB: BApTOCTi, 4acy BiATY-
Ky, IMOBIpHOCTi 6e3BiIMOBHOI pOOOTH TOIIO.

BpaxyBaHHs Ha3BaHHUX XapaKTEPHUCTHUK IIPH IPOCKTYBaHH1
MOXJIMBE 32 PaxyHOK IPOBEJCHHS BaNifamii, peamxi3oBaHOi
[UISIXOM IMITaIlifHOrO MOAEMIOBaHHs. [IJIsl IEOTO CTBOPEHO
Oararo mMareMaTHUHHX amapartiB. Cepen HUX — opMaizMm
DEVS b. 3eiitnepa (Bernard P. Zeigler) [4], Teopis yacoBux
aBromaris (TA) [5], nanmrorn MapkoBa, Mepexi [lerpi Ta iH.
IIpr oMy aKTyaTbHHM, HA HAIly TyMKY, € 3ay9eHHS Of-
HOTO 3 TakHX (hOpMaTi3MiB 10 mporecy npoekryBanHI CWS
JUTSL SMEHIIIEHHS CYITyTHIX POo3po0Ili YacOBUX BUTPAT. Y 3B’s3-
Ky i3 I[UM TOHATTS BepHdikamii Ta Bamigamii Oynemo po3ris-
JaTh B po0OTi SIK B3a€MOJIOTIOBHIOOYI [6].

Mera pobotu — po3podka meromuku Bamiganii CWS, ska
JI03BOMsIa OM 3MiMCHIOBATH HMEPeBIpKYy MPHIATHOCTI TaKoi
CHCTEMH JI0 LiTHOBOTO BHKOPHUCTAHHS MpPU IMPOCKTYBaHHI
Ticas mpoBefeHHs (opMabHOI BepHdikamii.

1 IOCTAHOBKA 3AJTAYI

Jns nmocsrHeHHS c(hOpMYITBOBAHOI METH B POOOTI BHpi-
HryeThes 3a7ada cuHTesy imitamifinoi DEVS-moneni CWS 3
BuxinHoi (opmansHOi TLA-cnermbikanii (pyHKIIIOHATEHAX
XapaKTEePUCTHK.

Hexait maemo ¢opmansay TLA-cnenudikanito KomIo-
3WUTHOTO CEPBICY, KU1 CKIIANAEThCA i3 7 aTOMapHUX CEPBICIB
[7]. TIpencraBumo Taky crielU(iKaIifo aHATITHIHO CTPYKTY-
poro Kpinke Ha MHOXHHI aTOMapHIX BUCIIOBIIIOBAaHb 4 P [8]:

(S.Aso R, L), (1)

Ie S eS,Rc;Sz,L:S—>2AP.

MHuOXWHY AP 1pH IOMY CHOPMYEMO i3 €IEMEHTIB
MHOXHUHU V x D, ne V= {v,-|i = 1,2,...,m}, aD= {0,1,2}:
0e D — AWS mnpocroroe (0OYHCIEHHS Ile HE M0YaTo),
le D — AWS o¢yHkuionye (o0YnCIEeHHS BUKOHYETHCS),

2 e D — AWS npoctoroe (004MCIIeHHS 3aBEPILIECHO).
Toni BupilmyBaHa 3aja4ya NOJNATA€ B ONEP’KaHHI Ha OC-

HOBi cTtpykTypH (1) cTpyKTypn
<1P, OP, Atomics, set, break> s )

sIKa € TPEICTaBJICHHSM pe3ynbTyiouoi ckianeHoi DEVS-mo-
neni CWS sik 3aco0y Bamigarii [9].

BupimieHHs mocTaBieHol 3a/1a4i BBaKaTUMEMO YCIHIIII-
HUM, SKIIo cuHTe30BaHa DEVS-Monens koMmo3utHoro cep-
Bicy Oyne aJieKBaTHOIO, a pe3y/IbTaTH Bajdijaiii Ha OCHOBI
miei Mozei — JOCTOBIpHUMHM. 3a TMOKa3HHMK JOCTOBIPHOCTI
Bi3bMEMO OJNM3BKICTH PE3YIbTATIB BaJiJAllil IIJISXOM iMiTa-
LifHOro MOZICMIOBAHHS Ta LUIAXOM TecTyBaHHA. [Ipu mpomy
BaJIiiallis IUISIXOM MOJICTIOBAHHS Ma€ OyTH MEHII BHTPAT-
HOIO 32 YacoM.

2 OIUIA L JIITEPATYPA

Temnopanbny soriky TLA JI. Jlemnopta (Leslie Lamport)
00paHo y sKOCTi (hopMaIi3My 3 MO3HUILIH JOCTATHOCTI BUpa3-
HUX MOKJIMBOCTEH Ta 3pYYHOCTI BHECEHHS 3MiH JI0 crienud-
ikarii CWS [10]. To6To xokHMi4 Bu3Ha4YeHuit cueHapiii OI,
1[0 3yMOBJIIOE BiJNOBiIHY (DYHKI[IOHATBHY XapaKTEPUCTH-
ky CWS, MoxxHa nogatu Ha ocHOBI TLA okpemoro Temrio-
panbHOO (opmynoro [11].
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Bxe icHyroTh neBHi cipobu crnionydeHHs TLA- ta DEVS-
¢dopmanizmis [12]. Boru 0a3yroTbesi Ha TBEPIKEHHI PO aK-
TUBHY aJIalTallil0 HAYKOBOIO CIIIJIBHOTOI MoximBocted TLA
3 MeToro Bepudikarii. AKIeHTyeTbes yBara, mo DEVS-mo-
Jiei € MaJONOUIMPEHUMH, POTe OUIBII FHYYKUMH Ta HA0Y-
HuMU. [Ipy nbOMY OOTPYHTOBYETHCS Ba)KIMBICTH CHHTE3Y
TLA-cnenudikaniid qnss DEVS-moneneii.

VY nopiBusHHI i3 uM, DEVS-Mozens B Hatriid po0oTi po3-
IIAJAETHCA caMe sK 3aci0 Bamigamii, noxiguuii Big TLA-cre-
nudikanii — 3aco0y Bepudikanii. OOTpyHTYBaHHS JOLLNIb-
HOCTI BUKOPHMCTAaHHS Ha3BaHOro 3aco0y Banimanii Oyno
3nilicHeHe Hamu pawnime [13].

3 MATEPIAJIX TA METOIH

Bu3HauMMO MOHATTA MOAIl, IO 1HILIIOE 3MIiHY CTaHy CHC-
TeMu nepexoniB (1), ToOTO cupuuHMHSE AEAKUH mepexin

(S,s’)e R, y nBox iHTepmperalisx: 3 MO3MIIT BUXiAHOI (Hop-
ManbHol TLA-cnenudikarii yHKIiOHATBHUX XapaKTepHc-
tuk CWS Ta 3 no3uuii pe3ynsryrouoi cunTe3oBaHoi DEVS-
Mozeni. Y HepuoMy BUNAAKY — L€ KOOPAMHYIOUUH BILIMB
Ha aromapHHi cepBic y ckiagi CWS 3 MeToro mpocyBaHHS
OII 3rigHO MEBHOro ciieHapiro. Y JApyroMy BUIAIKYy — IIe
HaJIXOI KEHHS MOBigoMIeHHs akTuBaiii moxemni AWS Ha
BIAMOBIJHUI BXIJHUH MOPT 3 METOI0 BUKOHAHHS OKpeMOi
oOumcmoBanbHOI nporenypu y mexax OIN.

KoMmno3uTHuii cepBic po3risgaTUMEMO SIK CUCTEMY, a
aTOMapHUi cepBic y HOro ckjiaji — K KOMIOHEHT CHCTEMH.
Posmsim AWS sk kommoHeHTa (a HE €IeMEHTa) 3yMOBICHO
HasBHICTIO B HHOTO iHTepdeiicy (MHOKMHU METONIB abo
¢GyHKIiH), 3 IKHMH MOKHA B3a€MOAISATH Oe3MOCEeperHbO.
3ayBaxxuMo, 10 Ipu opradizanii okpemoro OIT mMu acouiro-
BaTuMeMO i3 AWS Tinbku OfMH eleMeHT #oro inTepgeiicy.

Busnauenns nonii y nBox inreprpertanisx (TLA- Ta DEVS-
KOHTEKCTax) HeoOXiJHe Ui BCTaHOBJIEHHS CITiBBiJIHOIICHHS
(omuH 10 OHOTO) MK BXITHHMH Ta PE3YJIbTYIOUUMH KOHIIETI-
Tamu, BimmoBinHo. Buznauenns nonii B TLA-KOHTEKCTI po3K-
puBae piBeHb Aeranizamii BuxigHO! crienuikamii. e o3nagae,
oo mpu Bepudikarii Hac He I[IKaBUTh MUTAHHS BUSBICHHS
TIOMUIOK, TIOB’sI3aHUX 13 crienu(ikoro podoru okpemoro AWS
camoro 1o cobi (BHOKpemiieHO Bij cuctemnu). Lle muTaHHS,
3TiTHO HAIIOTO MiIXOAY A0 MPOSKTYBaHHS, Mae OYyTH BHPpIIle-
HE paHille — IJIIXOM MOIYIBHOTO TE€CTYBaHH:, Ieperyroun
3aiticHeHHI0 Bepudikarii (puc. 1). TooTo mpu Bepudikarrii Bxe
OIepyeMO TNPHITYIICHHAM, 110 KOMIIOHEHTH CHUCTeMH (yHK-
LIOHYIOTh O€3BITMOBHO Ta OE3IIOMHUIIKOBO.

AWS - - = 41 MOAYNbHE TECTYBAHHA
1.*
1
WS.-BPEL-onuc
L
T N
. _ | 2: sepudikauia
TLA-cneupdikauia [~
\
' - N
DEVS-Mogenb | - - - 3: sanigauin

Pucynok 1 — 3anpornoHoBaHH#N MIXiI 10 TPOEKTYBAHHS KOMITO3HT-
HUX CEpPBICiB

Ha puc. 1 nis BCTaHOBIEHHS 3B’SI3Ky MK CYTHOCTSIMH
AWS ta CWS HamMu BHUKOPHCTaHO BiJHOILIEHHS arperauii (a
He komro3uilii) Mo UML. Mera 11p0ro — migiKpeciiuTi aBTo-
HOMHICTh aTOMapHOTO CEpBiCY, SKHii y 3arajlbHOMY BHIAJIKY
MOJKE BXOJHUTH JO CKIamy i iHIIMX KOMIIO3HTHHX CEpBICiB.
[epenymoBoro 10 3ailicHeHHs Bepuikalii € YCIIHICTh MO-
JYIBHOTO TECTyBAaHHS KOXKHOTO i3 KOMIIOHEHTIB cucteMH. Ilin
MOJIyIeM HpPH LbOMY PO3YMI€ThCS OKPEMHH eIeMEHT iHTep-
¢eiicy aromapHoro cepsicy. [leBuuii HaOip i3 eJIEMEHTIB
pisHux AWS (110 0ZHOMY BiJl KOKHOT'0) i3 BCTaHOBJICHHM IIO-
PSAKOM BUKJIMKY METOIIB 3aJa€ThCs 3riJHO craHaapty WS-
BPEL [14]. Ha3panwuii cranaapr pernaMeHTye B3aEMOJII0 KOM-
MIOHEHTIB KOMIIO3UTHOTO CEpPBICY 3TiJHO MOJEJ LEeHTpai3o-
BAHOTO KOOPAMHYBaHHS — MOJEJ OPKECTPOBKH.

OTxe, pO3TIANATHMEMO KOMIO3UTHHH CEpBIC SK MOJ-
iMOpdHY CyTHICTB, (DYHKIIOHAJIBHI XapaKTEPHCTHKHU SKOI
BH3HAYAIOTHCSI HACTYITHUMH (aKTOpaMH — CKJIAJIOM 3aJlisi-
HHUX aTOMapHUX CepBiciB, iHTepdelicaMn OCTaHHIX, a TaKOX
MOPSIIKOM BHUKJIUKY (KOOPJAMHYBAHHS) €JIEMEHTIB 1HTEp-
¢eticiB. 3a3HaueHi Qakropn BpaxoByroThes y TLA-crenmd-
ikanii. Crenuikalis, y cBorw 4epry, GOpMYEThCS 3 OTHOIO
a6o pekinbkox WS-BPEL-omucis (puc. 1). KoxHuii Takuit
ommc 3axae crenapiit OIl mas onepxaHHs BimoBinHOT (GyH-
KI[IOHAJIBHOI XapaKTepHCTUKU cucteMu. Lle o3Hawae, mo
TLA-cnemudikamis € GpopManbHOI0 MOS0 B 3aralbHO-
MY BUITAJIKY JIEKLTBKOX CIieHapiiB ¢yHKkionyBanHs CWS [15].
KoxHnit i3 cIieHapiiB XapaKTepU3yeThCs CYKYIMHICTIO TE€M-
MOpabHUX O3HAaK. J[JIsT BCTAHOBJICHHS IIMX O3HAK HAMU BH-
KOpUCTaHO TeMIIOpalbHUil oneparop X. O3HaKH MpencTaB-
JIEHO Y SIKOCTI MOMiH, IO IHII{IIOIOTH MPOAOBKEHHS (DYyHKIIO-
HyBanas CWS 3rigno mneBHoro cueHapito. Iloxii
¢dopmarnizyeMo B IMIUTIKATHBHIA (opmi, MoxgHuikoBaHii
oneparopom [7]:

—~(vy=d)vx(v;=d+1),d=0,1;deD. 3)

BpaxoByroun cnenudiky BupazHux MoxkiuBocterd TLA,
oIl 3arponoHyeMo Kiacu(ikyBaTH Ha 3HAYMMI MO, TICEB-
JIOTIOIIT Ta HEMPHITYCTHMI TOAi1l. 3HaYMMI MOl MpeIcTaBe-
HO BupazoM (3). Bonu € 3acobamu (opmanizarii nepexoin

(s,s’)e R crpyxrypm (1).
3HaYMMy MO0 0XapaKTePU3yEMO CUMETPUYHOIO Pi3HH-
eI

L(s)AL(s") = {(v; =d ),(v; =d +1)} c 4P, @

Jie PO3MITKH CTaHiB L(s) Ta L(s') €, BIIMOBIZIHO, TIepen- Ta
MOCTYMOBaMH BHHUKHEHHS MOl

[Morpeba ¢ikcamii B cnemudikaiii Takox 1 MCEBIOMOIIH
3yMOBJICHa MOTPEOOI0 MPOCYBaHHS MOJCIBHOTO 4acy IUis
DEVS-Moneneii aToMapHHX cepBiciB, SIKi Py BaJiallii mpo-
JIOBXKYIOTh a00 (YHKI[IOHYBaTH, 00 MPOCTOIOBATH:

—~(v;=d)vX(v,=d),d=0,1,2. (5)
Bupas (5) HazBaHo Hamu 11a0JI0HOM TceBaONOAil, 60,
MOTNIPH IMILTIKATUBHY (OPMY, BiH BXKE HE XapaKTepPU3YEThCS

MHOXHHOW (4). B (3) v; €V 3MiHIOE CBOE 3HAYEHHS B Ha-

CTYIHUH MOMEHT MOJENBHOro 4acy, a B (5) — Hi.
Hampukoiaz, sIKIO po3mnisaTy ClieHapid MOCiJOBHUX KO-
OPIMHYIOUUX BIUIMBIB Ha m KommnoHeHTiB CWS (Tto0To
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|V| = m), 1o s npocysaHHs OIl B popmabHii Mozeni KokHa
3HAYMMa MOJisA Ma€ CYNPOBOKYBATHCS /1 — | TICEBIOIOMIEIO.

[pyHTYIOUHCh HA BUIIE3a3HAYEHOMY, 3aIPOIOHYEMO
(bopMar mpencTaBIeHHs KOHIIENTIB 3HAYMMOI MOl Ta IceB-
nononii B TLA-crienmdikarii:

(IF Cnd THEN (v} :=v; +1) ELSE (v} = v;)) A

AUNCHANGED <<V{,V),0c0, Vi1, Vig]seees Vi >>. (6)

Bepudikamis crenudikariif Ha 0CHOBI KOHCTpYKIiit (6)
HOJATa€e y BUSBJICHHI HENOMYCTHMHUX HMOMIH — mofill, mo
IHIOIIOIOTh HEOMYCTUMI mepexoan ctpykTypu (1):

—(v;=d)vX(v;=d-1),d=12. 7

Baprto Big3HaunTH, 1m0 moxii (7) TakoX XapaKTepH3YIOTh-
cs1 MHOXXMHaMH (4). BimminHicTh iX Bin moaii (3) momnsrae B
HACTYITHOMY: IIepeayMoBH Juis (3) € moctymoBamu Juts (7) i
HaBIaKH.

3a yMOBH, SKIIO (opMabHy BepH(ikanito crerugikamii
Ha OCHOB1 KOHCTPYKUIH (6) 3iHCHEHO YCHIITHO — BCTaHOB-
JICHO, 1[0 ATOMAapHi CepBiCH (YHKIIOHYIOTh Y3TOIKEHO Ta
HECYHepewInBo (KOPEKTHO), MePexoANMO IO Bajrimamii (puc.
1). Ilpu upomy nwisixoM imitaniiHoro DEVS-monentoBanHs
3IIICHIMO OLIIHIOBAHHSI MOKA3HUKIB (D)YHKIIOHATBHUX XapaK-
tepuctik CWS, a Takok arperoBaHHX 3HaueHb MOKa3HUKIB
HeQYHKIIOHABHAX XapaKTePHCTHUK. J[JIs1 bOro cHHTE3ye-
Mo imitaniiny DEVS-mozens (2), apxiTekTypa Ta moBemiHKa
sIKOT BU3HAUYAIOTHCs 3MicToM BuXigHoi TLA-cnenmdikamii.
3 mi€l0 METOI0 3aImpPONOHYEMO MpPaBMIIA CHHTE3Y HA3BaHOI
Mogeri:

1) npaBuna cuHTe3y 6a3oBux Momemed AWS (Tadm. 1);

2) mpaBWiia CHHTE3y JOMOMDKHHX 0a30BHUX Mojeneil —
moneni kimienta CWS (reHeparopa 3asBOK Ha 00CIYroBy-
BaHHs) Ta MO KOOpAMHATOpA ATOMAapHUX CEPBICIB Y
cxinani CWS — anst cijryBaHHS MOJIEIII OPKECTPOBKHU 3TiTHO
crannapty WS-BPEL (ta6m. 2);

3) nmpaBuila CHHTE3y Pe3yNETyIouol CKajieHol Mozeni (2)
CWS i3 3anmydeHHsIM 0a30BHX Ta JOMOMDKHHX 0a30BHX MO-
neneii (tad:. 3).

Pe3ynbraToM BHKOpPHCTaHHS IpaBUi 1) MaroTh OytH m

CTPYKTYp

M4,

M4; = <{ev}= {I’s}, ST, 8oyt s e ’ }\'MAi ’ ld>,

int

@®

Enementn Muoxunn ST = {sto,stl,stz} crpykrypu (8) €

MPE/ICTABJICHHSIMH €IEMEHTIB MHOXHHH [ JIOIyCTHMHX 3HA-
YeHb 3MIHHHX CTaHiB, 3 SKHX (DOPMYIOTBCS CIEMEHTH MHO-
KHHH JiTepaniB 4P crpykrypu (1). Lle o3nauae, mo miTka
sty € ST — npencrasnenus 0e D, sh €8T — 1eD, a
sty € ST— 2 e D. Ba3osi Mozeni Ha ocHOBI cTpyKTyp (8) pe-
aNTi3yeMo SIK JBOIIOPTOBI:

— BXIIHHW TOPT — IS OJCPIKAHHS IMOBIIOMIICHHS
ev = event;, O IHILIIO€ OJHOWMEHHY MOiI0 aKTHUBALIl, Bl
MOJIeTi KOOpAWHATOpa;

— BHUXIJJHUH TTOPT — JUIS BiATIPABICHHS TIOB1IOMIICHHSI-pe-
3yAbTaTy OOYHCIIEHb 7S = res; A0 MOIENi KOOpAWHATOpA.

PesynsraTamMu BHKOPHUCTAHHS MPAaBHI 2) MamTh OyTH

CTpYyKTypa
MG = <{activate}, {jobj }, ST,Sg?,S%G,XMG,m> )

Ta CTPYKTypa
MC = <{j0bj }u {resi }, {evemi}, ST,B%,C,S%C,XMC,M>, (10)

PesynbraToM BHUKOPUCTaHHS MpaBui Tabn. 3 Mae Oyrtu
IrykaHa CTpykTypa (2).

Ortxe, pesynprytoda DEVS-monens CWS Bkitouae m
MOJIeNIef aTOMapHUX CepBiciB, MOJENb KITi€HTa Ta MOJENb
koopauHatopa (puc. 2).

Ta6muus 1 — [IpaBuna cunresy DEVS-Moperneii atToMapHIX cepBiciB

Buxinni

Mera TLA-KkoHCTpYKLIT

Pesynbryroui nii Hag
DEVS-enementamu

3HAYUMMX MO Ha ocHOBI (3)

dikcaris

BUKIMK QYHKUIH fq: ST —> Raw Ta:
—npu d=0 - ng"

MA;
Sint '

: (eventi , 80, e) = st5

-mpu d=1 - ISt P> sty M 1Sty > res; .

TICEB OO IIN Ha ocHOBI (5)

BUKIUK GYHKLIH fg: ST — Ra’w .

Tab6muust 2 — [pasuna cuatesy DEVS-Mozeneii kinieHTa Ta KOOpJHHATOPA

Mera Buxinni Pesynbryroui aii Hag
TLA-KoHCTpYKLIi DEVS-enemenramu
®ikcarisi MOYaTKOBOTO CTaHy Init EgIG : (activate,sto , e) > st -
Oikcauis OI1 Cale 62‘1? : (job]-,sto,e)l—> st,j=12,...,n.

Ta6muus 3 — [paBuiia ofepkaHHs eaeMeHTiB pe3ynsTyrouoi DEVS-moneni CWS

Buxigni
Merta A

TLA-KoHCTpYKLIT

Pesynbrytoui nii Hag
DEVS-enementamu

srigao (3) mpu d =0

set : (MC,event,—)l—) (MA,—,event,-) .

dikcaris 3HaYMMHUX TOIIH

srigro 3) mpu d =1

set: (MAi ,res; ) = (MC ,res; ) .

®dikcarist OIT Calc

set:(MG,jobj)l—) (MC,jobj)-
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activate
MG .
T s |
——— event1 [ MA_1
b — OO
MmcC ; é\.;ent_m —]
—0-0c— |
| MA_m
res_1 res_m E——

PucyHok 2 — ApXiTeKkTypa CUHTE30BaHOro 3aco0y Baigarii

Moperns, npeAcTaBlieHa Ha puc. 2, QYHKIIOHYye HACTYI-
HHM YHHOM:

1) Ha BXimHHH mOpT Mozei (9) HAAXOIUTh MTOBITOMIICHHS
aKTUBAlil, IO iHIIf0O€ TeHepyBaHHS 3asBOK job iz Koxxna

J-a 3asBKa IpeACTaBIsie cHerudikamito okpeMol (QyHKIIO-
HanbHOI XapakTepucTukun CWS. 3asBku reHepyroThes i3 3a-
JTaHUM 3aKOHOM DO3IIOIIY;

2) Ha j -ii BximHH#E nopT Moxeni (10) HagxXomuTh 3asBKa
Job;, mo 3ymoBImoe ' < m NOBiOMIIEHD event; (OCKiTbKH
neBHi AWS 3a oxpemoro OIl MoxyTs Oyt 3aiiBEMH);

3) xoxHa 13 m Mozmeneil (§8) BUKOHYe BIACHY YaCTHUHY
obuuciens 3rifHo j-ro OIN. Pesymsratn o04mciIeHs Binmpas-
Js0ThCs1 10 Mozeni (10) y BUDIAI HOBiIOMIICHb res;.

4 EKCIEPUMEHTH

ExcrnieprMeHTaNbHI AOCIIKEHHS 3aMpOIIOHOBAHOI Me-
TOIMKH 3MiHiCHEHO Ha amapaTHiH ImIaTdopMi HACTYIHOI KOH-
¢irypanii: wacrora CPU 3 I'T, obcsr RAM — 2 T'B.

1106 cTBepKYBATH BiJHOCHO JOCTOBIPHOCTI PE3YNIETaTIB
Bajijanii 3rilHO 3aPOMOHOBAHOI METOJMKH, a cCaMe —
BIJTHOCHO aJICKBaTHOCTI CHHTE30BaHOI pe3ynsTyrouoi DEVS-
mozeini CWS, nmpoBeieMO €KCIIEPUMEHTH 32 HACTYITHUMH
ClLIeHApisAMU:

1) Bamiganis muIsxoM tectyBaHH — AWS peanizyemo 3a
texHomoriero JAX-WS. KoopauHyBaHHS 31CHUMO IIE€HT-
pai3oBaHO — 3TiJIHO MOJEIi OPKECTPOBKU. Taky ImepeBipKy
O3S IaTUMEMO SIK OJIMH 13 3aBEpIIAILHUX KPOKIB PO3p0O0-
ku CWS;

2) Bamijaiis HUISIXOM MOJICIIFOBAHHS — BUKOPHUCTAEMO
pe3ynbrytouy DEVS-monens CWS, cunTe30BaHy 3rifiHO 3ari-
POITOHOBaHUX MpPaBHJI, y SKOCTI 3aco0y Baminanii. Taka me-
peBipKa € 3aBepiiajJbHUM KPOKOM IPOEKTyBaHHs (puc.l).

Y nepiiomy Buna Ky 3a BuxinHi nani BisebMemo WS-BPEL-
ormuc CWS, y npyromy — Bianosinny ¢opmaibay TLA-cre-
nudikamiro. [TopiBHIEMO pe3ynsTaTH Baifaiiid 3a3HAYCHU-
MU 1LIsxamu (puc. 3).

Ha puc. 3 process.bpel — Buxinuuii WS-BPEL-omnuc;
spec.tla — BimnoBigHa TLA-cneuudikanis; TLA-to-DEVS —
MporpamMHa peaizailisi 3alpoOITOHOBAHHUX MPABUJI CHHTE3Y
(tabn. 1-3); model.java — cuHTe30BaHa pe3ynbTytoua DEVS-
monenb CWS sk 3aci6 Bamipanii; BPEL Engine — mporpam-
HU# 3aci0 (sun-bpel-engine) 1EHTPai30BaHOTO KOOPAHMHY-
BaHHsI AWS mipu Bamizaiiii nUISXOM TECTYBaHHSI.

SIkiio, 3rigHo puc. 3, &} = &‘}, a &;f & équ, CTBEPIIKY-
BaTUMEMO, IO PE3yIbTyIOua Mojelb (2) € aJeKBaTHOM, a
3amporoHOBaHa METO/IMKA J03BOJISIE OJICPKYBATH JOCTOBIpHI

pesynsTaTH Bamiganii npu npoekryBanHi CWS. Ilpu mpomy
BBaXXaTHMEMO BHKOPHCTaHHS 3aIPOIIOHOBAHOI METOXHMKH
TIPY TIPOEKTYBAHHI JIOMITEHHM, SKIIO YaCOBI BUTPATH HA Ba-
Jijaniro 3a creHapiem 2) OynyTh iCTOTHO MEHITMUMH 3a Ya-
COBI BHTpATH 3a CIeHapiem 1).

VY moneni (9) peanizyeMo HOpMaJbHHI 3aKOH PO3IOILTY
3agBOK Ha OOCIYrOBYBaHHS, IO reHepyroThes. DEVS-mo-
JIeNi pealizyeMo Ha MOBi IpOTrpaMyBaHHS Java, a MOJEINIo-
BaHHA 37iHcHIOBaTEMeMO y cepenosumii DEVS Suite.

BuxiHi 3Ha9eHHS U1 pO3paxyHKy YaCOBHUX BUTPAT Ofep-

KYBaTHMEMO SIK CepelHE apH(pMeTHIHE 10° 3aMipiB.
VY sxocTi HepyHKIIOHAIBEHOI XapaKTEePHCTHKH PO3TISIaTH-
MeMo Jac Biaryky cepsicy. Jmst AWS Taki 3aTpHMKH BH3Ha-
9UMO HOCIHIJOBHICTIO (), 1~1O_1, 2-10_1,,,,,5~10_1 c: 0 -
KOMIIOHEHTH PO3TOPHYTO JIOKATBHO, 1.10~! — BoHM € piBHO-
Bijtasenumu (3Ha4Ho), 2-107",..., 5-10! — oxpim Tepuropi-
AJIBHOI BIIIAIEHOCTI MOJIENTIOIOTHCS TAKOXK JONATKOBI 3aTPHM-
KM, 3yMOBJICHI iIHTCHCUBHUMH OOUHCICHHAMH. 3aTPHMKH
peanizyeMo Ha OcHOBi Java-merony sleep.

JUist mepeBipkH METOIUKH PO3TISHEMO CHHTCTHIHHH
CIleHapiif O0YMCIIEeHHS 3HAYeHHS T 4epe3 apKTaHTeHcH [16]:

1 1 1
=48 arctg| — |+32-arctg| — |—20-arctgl —— &
g(lSj g[57j g[239j' Weit

BUpA3 PO3MIAAATHMEMO K (YHKIIOHATBHY XapaKTEepUCTH-
ky CWS, a 3HaueHHs-pe3yIsTaT HOro OOYHCIeHHS — K IIy-
KaHe 3HAYCHHS IIOKa3HMKA TaKol XapaKTepUCTUKH. Bupas ta-
KO PO3DISHAaTHMEMO K aHaNiTHYHe mpexacraBieHHs OIL
Jns peanizarii XapaKTepUCTHKHY 3aTydUMO 40THpH AWS: TpH
3 HUX — JIs OOYNCIICHHS apKTaHT€HCIB, YeTBEPTHH — JUTSL Ofiep-
XKAHHA PE3yITyIou0oTO 3HaueHHs (puc. 4).

MopiBHAHHA pe3ynbTaTie
result_1.log Ta result_2.log

TLA-to-DEVS
o w .
L . Vo
1
. << :
spec.tia model.java IeS[II[_L[OQ
L} ‘I
V [
= . <<
process.bpel BPEL Engine result_2.log

Pucynok 3 — Cxema miixomy 10 MepeBipKH METOIUKH

CWS res_4 = 48%res_1 + 32%res_2- QD*res_CJT
¢ 9
i T AWS_4
. :
V 7T T res_1 = arctg(118)
S (I |
AWS_1 ! .
EW] . res_2 = arctg(1/57) [j
AWS 2 !
é res_3 = arctg(1/239) j
AWS_3

PucyHok 4 — ApXiTeKTypa KOMIIO3UTHOTO CEepBicY
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Ha puc. 4 res), res, Ta res; —4acTKOB1 Pe3ylBTaTH — apTe-
¢axtu nporikanHs OIl — koHTelfHepH MOKa3HUKIB (QYHKITIO-
HaJIbHUX XapaKTEpPUCTHK aToMapHHX cepsiciB AWS), AWS,
ta AWS3, BIINOBIOHO; res — KOHTEHHEp MOKa3HUKa (DyHKIIIO-
HaJIbHOI XapaKTEPHCTUKU aToMapHOro cepsicy AWSy, sxuit
TaKOK € MOKAa3HUKOM Ha3BaHOI xapakTepucTuku CWS — kon-
TeHHEpOM IIYKAHOTO PE3yNBTaTy, IO 3aIEKHUTh BiJ 3HAUCHD
resy, res, Ta ress.

5 PE3YJIbTATH

B pe3ynbTaTi MpOBENEHHS €KCIIEPUMEHTATBHUX JIOCIi-
’KEHb BCTaHOBJICHO, III0 Ha BU3HAUCHOMY Jialla30Hi BXITHHUX
JTAHUX 9acOBi BUTPATH HA BaJIiJAaIlif0 IUISIXOM MOJEITIOBAHHST
3TiJHO 3aIIPOIOHOBAHOI METOJMKHU B cepenHboMY Y 3,4 pasu
MEHIII 3a BUTPATH, IIOB’s3aHi 13 Baialli€l0 MIISIXOM TECTy-
BaHHA (puc. 5). Take 3MEHIIIEHHS YaCOBHX BUTPAT HAMH OXa-
paKTepH30BaHE K CYTTEBE.

10001
800
= b M f1(x)
600 1
f2(x)
ao0 v~ T | Tl ~ Ef3(x)
" ontb il
L en 08 18
0 100 200 . 300 400 500
Pl/lcyHOK 5— PC3y.]'II>TaTI/I HpOBCﬂCHI/IX CKCHCpI/IMCHTaJ'IBHI/IX

JIOCITIIKEHb

Ha puc. 5 3HaueHHs HaBeneHO B MC: X — 3aJaHMil yac

BIZITYKYy KOXKHOTO i3 9oTHphox AWS y ckimani CWS; fl(x) -
4acoBi BHTPATH Ha MOJIEINIOBAHHS Ha OCHOBI Pe3ybTYHOUOl

Moz (2); f5 (x) — OLIIHOYHI 3HAYEHHSI MTOKa3HHKa &;f; f (x) -
(akTUYHI 3HAYCHHS TOKAa3HHUKA &;f [Ipu oMy mepeBipe-

HO DIBHICTBH &tf = é;f, 10 MiATBEPAMIO KOPEKTHICTH 3ampo-

MOHOBAaHUX NPaBHJ CHHTE3Y. IlepeBipKy aJeKBaTHOCTI pe-

3ynbrytouoi DEVS-moneni CWS 3nilficHeHo Ha OCHOBI cTa-

THCTHYHUX KPUTEPIiiB ¢ Ta F A poBipuoi iMmoBipHOCTI 0,95.
6 OBT'OBOPEHHA

[ompu Te, 1110 BauTiAAITis MULIXOM MOJIEITFOBAHHSI 31 HO 3aIpo-
TTOHOBAHOI METOAMKH BUIVISIIA€ OLTBIII TPIOPUTETHO 32 BAIIALIIIO
IIIIXOM TECTYBAHHSI 32 TOKA3HHUKOM CYITyTHIX YaCOBUX BUTPAT, HE
MEHII BYKTUBHM BOAYAETHCS ITUTAHHSI KOPUCHOCTI TAKOT TIEPEBIPKH.
KopucHicTb, y CBOIO Yepry, BapTo, Ha HaITy JyMKY, PO3IVIIATH SIK
MEBHUI KOMIIPOMIC 32 TPhOMa HACTYIHUMH KPUTEPISIMU: aJieK-
BaTHICTH pe3ynbTytodol DEVS-Monerni KoMITo3uTHOMY cepBicy, 10-
CTOBIPHICTb Pe3yNbTATIB B AIIii Ta SMEHIIICHHSI YaCOBUX BUTPAT.
OcranHill kpuTepiit HabyBae 0COONMMBOI 3HAYUMOCTI Y KOHTEKCT1
aKTyaIbHOI Ha ChOrO/IHI iTepaniitaoi po3podku. [Tpu mpoMy Hamu
PO3IISIAE THCS TOLUTBHICTB 30T IIIEHHS cCaMe MTOBHOTH BiJIITOBI -
HocTti TLA-criermdixartiit W S-BPEL-ormicoBi cepgicy, 1110, 30kpe-
Ma, ITiIBUIUTE TOCTOBIPHICTH PE3yNIbTaTiB POpMabHOT Bepr]i-
kawii. Ie, mpote, yCKIIaHUTB SIK caMy 3alIpOIIOHOBAHY METOIUKY,
TaK 1 iHTErpariro ii 7o mporecy MpoeKTyBaHHSI.
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3 mo3umii iTepariifHol po3poOKK MEepCIeKTHBHUM MOXeE
OyTH BHUKOPUCTAHHS KOMOIHOBAHOTO MIIXOAy N0 Bawinaii,
3a SKOTO, HANPHKIAJ, Ha MEpIIiif Ta 3aKIIOUHINA iTepamisx
3[IHCHIOETHCS MIepeBipka IUITXOM TeCTYBaHHS, a Ha IHITHX —
IITSIXOM MOJIETIOBaHHS. MOIEOBaHHS JO3BOJIHUTH 3MEHIIH-
TH 3arajbHi 9acOBi BUTPATH, & TECTYBAHHS — OJICPKATH OLIBII
JIOCTOBIpHI BUXIiJIHI 1aHI MOKA3HNUKIB He(YHKIIOHATHHAUX Xa-
paxrepuctuk AWS Ta HiITBEpIUTH MPUIATHICTH PO3poodie-
Horo CWS 1o milbOBOrO BHKOPHCTAHHSL.

BUCHOBKHA

TakuM 4MHOM, B POOOTI BUPIMIEHO aKTyaJlbHy HayKOBO-
TPUKIAIHY 3a0ady cuHTe3y iMiTaniitnoi DEVS-monemi CWS
3 BuxigHOi (opmansHOi TLA-crienmdikamii GpyHKIioHATE-
HHX XapaKTePHUCTHK.

HayxoBa HOBM3HA OTPHMAaHHX B POOOTI pe3ylIbTaTiB II0-
Jrae B HACTYITHOMY: Oyno 3anpomnoHoBaHo DEVS-opienTo-
BaHy MeToauKy Bamimamii CWS, npusHaueHy 10 BHKOPHC-
TaHHS [IPU TIPOEKTyBaHHI. {e 103BONMIIO0 3MEHIIIUTH CYITYTHI
BaJTifanii 9acoBi BUTpaTH, o OyIo MiATBEPIKEHO pe3yibTa-
TaMH HPOBEJCHUX EKCIIEPUMEHTAIBHUX JOCIHiIKEeHb. BoHH
MIOKA3aJIH, 1[0 Ha TECTOBOMY Jlialla30Hi 3HaYeHb HE(yHKIIIO-
HaIbHUX XapakTepHUCTHK koMmoHeHTiB CWS cuHTe30BaHa
pesynsrytoua DEVS-monens € agexBaTHOMO, a npaBuia ii
OflepKaHHS — KOPEKTHUMU: y TIOPIBHSHHI 13 BaJIiJaIli€lo M-
XOM TECTYBaHHS, BaNiNallisl IIIIXOM IMITaIlifHOrO MOJEITIO-
BaHHS 3TiJHO 3aIPOIIOHOBAHOI METOJWKH CYHMpPOBOJKYBa-
Jacsi SMEHIIIEHHSIM YaCOBHUX BHTPAT B CEPEHBOMY ¥ 3,4 pasu.
Take 3MeHIIIEHHS OXapaKTepHU30BaHe HAMU sIK CyTTeBe. OTXKe,
MIOCTaBIICHY 3aJ[ady MOXXHA BBa)KaTH BHPIIIECHOIO.

IpaxTrdHe 3HAYEHHS OTPHMAHHX PE3YNETATiB IIONATAE B
aBTOoMaTH3aLii nporenypu Banizanii CWS mpu npoekTyBaHHI
3TiTHO 3aIpONOHOBAHOT METOIAMKH 3a PaxXyHOK IPOTPaMHOI
peadizailii 3anponoHoBaHux npasui cuHte3y DEVS-moneneii.

INepcriekTHBY MOAANBIINX JOCTIPKEHb HOIATAI0Th Y a/1all-
Tamii 3apPOMOHOBAHOI METOJUKH JI0 OUIBII JeTaTi30BaHUX
Buxiguux opmanpaux TLA-cnenudikanii CWS, mo, 3a
paxyHOK TIOJIMIIIEHHS TOBHOTH TaKWX crieru(ikariii, 103B0-
JIUTh OZICPXKYBATH OLUIBII JOCTOBIPHI pe3y/IbTaTH BaJlidallii.

MOISKA

Po0oTy BHKOHaHO B paMKax HayKOBO-IOCITIJHOI poOOTH
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HHUX CHCTEM Ta MEpeX 3amopi3bKOro HaI[iOHAJBHOTO TEXHIY-
HOTO YHIBEpPCHUTETY.
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'KaHz. TexH. HayK, CTapUINii IpernonaBareis Kadeapbl KOMIBIOTEPHBIX CHCTEM M CeTell 3alopoKCKOro HALMOHAIBHOIO TEXHHYECKOro
YHUBEPCHTETA, 3al0OpOKbE, YKpanHa
’KaH[. TeXH. HayK, JOLCHT, 3aBeyOMHi KadeIpoil KOMITBIOTEPHBIX CHCTEM U CeTell 3aropoKCKOro HallHOHAIBHOIO TeXHUYECKOr0 YHHBEp-
cuteTa, 3a0poXKbe, YKpanHa
*Crapiunii nperofasareins Kadeapbl KOMIBIOTEPHBIX CHCTEM M CeTell 3alopOKCKOr0 HAIHOHAIBHOIO TEXHHYECKOTO yHHBEPCHTETa, 3aIlo-
poxbe, YKpanHa
DEVS-OPUEHTUPOBAHHASI METOAUKA BAJIMJALIMM KOMIIO3UTHBIX BEB-CEPBUCOB

[pemnoxkeHa MeTOAMKA BANUAALMHA KOMIIO3UTHBIX BEO-CEPBHCOB IyTEM CHHTE3a WUMUTALMOHHBIX AMCKPETHO-COOBITHHHBIX MOJEICH Ha
ocHoBe (opmanzma DEVS. D10 mo3BoIIsieT OCyIECTBISATh aBTOMATU3UPOBAHHYIO TPOBEPKY MPHUTOJIHOCTH TAKHX CHCTEM K [[EJIEBOMY HCIIOJb-
30BAHUIO MPH MPOSKTHPOBAHHUHU ITyTEM UMUTAIHOHHOTO MOJICITUPOBaHHs. B KauecTBe BXOJHBIX TAHHBIX HCIOIB30BaHa (hopMaibHas crienuu-
Kal[isi Ha OCHOBE TeMmopasbHOW Jorukk TLA, 9TO MO3BOJISET MaTeMaTHYECKH CTPOrO MPEACTaBIATh (PYHKIIMOHAIBHBIE XapaKTEPUCTUKU
KOMITO3UTHBIX CEPBHCOB B (hopMare BBIYMCIUTEIBHBIX MPOLECCOB. B KauecTBe aHamuTHueckoil Mozenu B ocHoBe TLA-cnenmdukanuu B3sira
crpykrypa Kpunke. B pamkax MeTOmUKH MpEIJIOKEeHBI MpaBuia cuHTe3a u3 ucxonHoit TLA-cienndukanun DEVS-Monens KOMIIO3UTHOTO
cepBHca, IPeIHa3HAYECHHON OBITh CpeICTBOM Banuaauu. Pesynsrupytromas DEVS-Mozens cocTonTt u3 Mojierneii aTOMapHBIX CEPBUCOB, MOJIEIH
KJIMEHTa KOMIIO3UTHOTO CEPBHCA U MOJIEIM KOOPANHATOPA aTOMApHBIX CEPBUCOB, (DYHKIIMOHUPYOIIEro comtacHo crennduraimun WS-BPEL.

J11s1 IpOBEPKH METO/IMKH MIPOBE/ICHBI SKCIIEPUMEHTAIbHBIE HCCIICIOBAHUSI, TOATBEP IUBIIIKE aI€KBATHOCTH pe3yapTupytomieii DEVS-monenu.
[IpoBepka BBIMOJIHEHA COMIACHO MPEIOKEHHOMY OIXO/Y, COCTOSIIEMY B CPABHCHUH PE3YJIbTATOB BaJMIAINH ITyTEM HMHUTAIMOHHOTO MOJIE-
JIMPOBAHMS C Pe3y/IbTaTaAMH BaIWAAIMH [TyTeM TeCTHpOBaHus. 110 pe3ynpTaTaM MpOBEACHHBIX MCCICIOBaHNI 000CHOBaHA IEIeCO00pPa3HOCTh
HCIIOJIb30BAHUS TIPEIIOKEHHON METOIUKH TP MPOSKTUPOBAHMH KOMITO3UTHBIX CEPBHCOB, KOTOPAsl 3aKJIFOYACTCS B YMEHBIICHUH BPEMEHHBIX
3aTpaT Ha BaJMJANUI0. AKIIEHTHPOBAHO BHUMAHHE HA YMECTHOCTH MCITOJIb30BAHUSI METOAUKH MPH UTEPALIOHHON pa3paboTKe.

Kiarouessble ciaoBa: SOA, WS-BPEL, komro3utHsIi BeO-cepBuUC, crienudukanys, Bepudukanus, Bamuaanus, TLA, DEVS.

Shkarupylo V. V., Kudermetov R. K.2, Polska O. V.3

'PhD, Senior Lecturer of Computer Systems and Networks department, Zaporizhzhya National Technical University, Zaporizhzhya,
Ukraine

2PhD, Associate Professor, Head of Computer Systems and Networks department, Zaporizhzhya National Technical University, Zaporizhzhya,
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DEVS-ORIENTED TECHNIQUE FOR COMPOSITE WEB SERVICES VALIDITY CHECKING

A technique for Composite Web Services validity checking has been proposed. It is based on discrete-event DEVS-models synthesis, which
provides the ability to conduct the automated validation by way of simulation during the design process. Temporal Logic of Actions has been
chosen as the basis for input data — formal specification of Composite Web Service. It allows to specify the functional properties of such
systems mathematically strictly. Functional properties has been represented as computational processes. The Kripke structure has been used
as TLA-specification analytical model. Our technique leans on the proposed rules, aimed at simulation DEVS-model synthesis from given
TLA-specification. The resulting coupled Composite Web Service DEVS-model consists of atomic web services models, model of client,
simulated as job-requests generator, and coordinator model. Coordinator represents the WS-BPEL-engine, functioning in accordance with
centralized orchestration model.
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A case study has been conducted to verify the proposed technique. Its artifacts confirmed the adequacy of resulting DEVS-model. The

technique verification is based on the proposed approach: simulation-driven validation results are compared with the ones, obtained with test-
driven validation. Technique expediency has been grounded by Composite Web Services validity checking time costs reduction.

Keywords: SOA, WS-BPEL, Composite Web Service, Specification, Verification, Validation, TLA, DEVS.
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YITPABJIIHHA
Y TEXHIYHUX CUCTEMAX

YIHPABJIEHHUE
B TEXHUYECKUX CUCTEMAX

CONTROL
IN TECHNICAL SYSTEMS

Y/IK 681.5.013

Hopodees 1O. U.

KaHO. mexH. Hayk, douyeHm, doueHm kKagedpbl CUCMEMHO20 aHanu3a u yrnpasneHusi HayuoHanbHO020 MexHU4ecKo20
yHuUsepcumema «XapbKOSCKUU nonumexHudyeckul uHcmumymsy, Xapbkos, YkpauHa

OECKPUNTOPHbLIA Nogxod K CUHTE3Y OrPAHUYEHHOIO
POBACTHOIO rAPAHTUPYIOLWLEIO YIMNPABJIEHUA 3AMNACAMU
C NCNOJIb3OBAHMEM NAPAMETPU3OBAHHON ®YHKLIUW NAMYHOBA

Pemena 3anaua cuHTE3a poOAaCTHOIO rapaHTHPYIOLIETO YIPABIEHHs 3allacaMu AJId CeTell IOCTaBOK C IMapaMeTpUUecKoi CTPyKTypHOI
HEOIPENENEHHOCTBIO B YCIOBUAX AEHCTBHS HEM3BECTHOIO, HO OFPAHUYEHHOI0 BHEIIHETO CIPOCa U HAIMYHMS HECUMMETPUUHBIX OrpaHUYEHHI
HA 3HAYEHUs COCTOSHMI U yrpaBieHuil. 3aKOH yNpaBIeHHs! CTPOMTCS B BUJIE JIMHEHHON MHAMUYECKOil 00paTHOM CBsI3H 10 CUTHAITY HEBSA3KU
MEX1y HAIMYHBIMU U CTPAXOBBIMU YPOBHSMH 3a11aca pecypcos. J1ist noaBiaeHus BIMSHUS BHEITHUX BO3MYILEHHH, MOIEIHPYIOIIUX U3MEHEHUS
CIpoca, OJHOBPEMEHHO C 00ecIeueHneM poOacTHON yCTOHYMBOCTU 3aMKHYTOH CHCTEMbI NPUMEHEH METOJ MHBaPMAHTHBIX 3JUIMIICOUMIOB,
KOTOpPBIil OBl YCOBEPLIEHCTBOBAH MOCPEACTBOM HCIOIb30BAHUS JECKPUIITOPHOIO OIMCAHMS CUCTEMBI U [TOCTPOECHUS IapaMeTpU30BaHHON
¢dynkuuny JIsanyHoBa, 4To HO3BONAET YMEHBIINTD CTENEHb BIUSAHUS HEONPENEIEHHOCTH 3HaUeHUIl TPaHCTIOPTHBIX 3am1a3/ibIBaHUI Ha pe3yIbTaT
cuHTe3a yrpapieHus. C HOMOIIbIO MaTEMAaTHYECKOTO annapara JMHEHHbIX MaTPUYHbBIX HEPABEHCTB 3a/1a4a CHHTE3a YIPaBJIeHHUs Ipe/ICcTaBIeHa
B BMJIE TOCIEN0BATEIbHOCTH 3a/1a4 MOJIYONpPENEIEHHOTO NPOrPaMMUPOBAHHUs, Ul PEIIeHUsl KOTOPHIX NPUMEHSAIOTCS CBOOOIHO
pacupocTpaHseMble CIElMalIn3MpOBaHHbIE IPOrpaMMHbIE MAKEeThl. B paMKax NpeioKeHHOH METOAUKH BO3MOMKEH BBIOOP ONTHMAJIbHBIX
3HAYEHHUH CTPAXOBBIX 3a11aCOB PECYPCOB, OCKOIBKY PACCMOTPEHHOE pEllleHHE 3a1aeT, paKTHYECKH, aITOPUTMHUECKYIO 3aBUCHMOCTb MEXKLY
YPOBHEM CTPaXOBBIX 3al1aCOB M ONTHMaJbHBIM 3HaU€HMEM KPUTEpHs KauecTBa. PaccMOTpeH 4McIeHHbIH npuMep.

KunioueBblie cji0Ba: ynpasieHHE 3allacaMu, poOacTHOE yNpaBieHHE, METOJ MHBAPMAHTHBIX 3JUIMIICOMJIOB, JIECKPUITOPHBINA MOJXON,
napameTpus3oBanHas QyHkiusa JlsnyHoBa, TuHeiHOe MaTpUUHOE HEPABEHCTBO.

HOMEHKJIATYPA

«+» — ncepoobOpamienue Mypa-Ilenpoysa;

0,,x;, — Hy/eBasi MaTpHIa COOTBETCTBYIOIIEH Pa3MEpHOCTH;

A — maTpuna AMHAMUKH PACIIHPEHHON MOJIETH CETH
MOCTaBOK;

B — maTpuna BIUSHHS YIPaBIECHUN PaCIIMPEHHOW MO-
coBasi MaTpUIa KPUTEPHsI KauecTBa;
JIeTI CeTH TIOCTaBOK; W

B, — MaTpuIIbl BIMSAHUSA YIIPABIEHUH MCXOJHON MOJETH u
. coBasi MaTpUIa KPUTEPHsI KauecTBa;
CeTH TOCTABOK;

o X — MHOXECTBO AOIMYCTUMBIX 3HAYEHHIH COCTOSHU;
C — Marpua BBIXOJOB PaCUIMPEHHOH MOJENIN CETH MO-

K (k) — mecraumonapnas marpuua ko3¢ GHIHEHTOB 00-
paTHOH CBs3H;

U — MHOXXECTBO JOIyCTUMBIX 3HAUEHUH YIIPaBISIONIAX
BO3/ICHCTBHI;

Wé’; — IIOJIOKHUTCIIBHO ONPEACIICHHAA AUaroHajbHas BE-

— IIOJIOKHUTECIIBHO ONPEACICHHAA AUaroHaJbHasA BE-

d™3 — BeKTOp BEPXHMX TPAHUYHBIX 3HAYEHHI BHEIITHE-

CTaBOK;
D — MHOXEeCTBO JOITyCTUMBIX 3HAUYEHWH BHEIIHUX BO3- ro cnpf)ca,
MYIIEHU; 4™ — BEeKTOp HWKHUX TPAHUYHBIX 3HAYEHUI BHEITHETO

E — MaTpHWIla BIUSHHUS BO3MYIIEHUH HUCXOTHOU MOJEIH
CeTH TOCTABOK;

G — maTpuna BIWSHUS BO3MYIICHUN PACIIMPEHHON MO-
JIeTI CeTH TIOCTaBOK;

I,, — eqMHUYHAsA MaTpHLa COOTBETCTBYIOIIEH pa3Mep-
HOCTH;

© Hopodees 0. 1., 2015
DOI 10.15588/1607-3274-2015-4-13

crmpoca;
d(k) — BexTOp BHENIHMX BO3MYIIAIONINX BO3ICHCTBHIA,
k — HOMep IHCKPETHOro MHTEpBaja BPEMEHH;
m — pa3MEpHOCTh BEKTOpa YIPABIISIOMIUX BO3/ICHCTBHIA;
1 — KOJTMYECTBO Y3JIOB CETH MOCTaBOK;
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4 MaX — BEKTOp IPAaHUYHBIX 3HAYEHUU YNpaBIAIOLINX
BO3/ICHCTBHIA;

u(k) — BEeKTOp YNPaBISIOINX BO3ICHCTBHUIA;

¢ — Pa3MEPHOCTb BEKTOPA BHEIIHUX BO3MYIIECHUMH;

7 — KOJIIMYECTBO Y3JI0B CETH, MHTEPBAJIbl 3ala3/bIBAHUS
KOTOPBIX BapbUPYIOTCS;

xMaX — BeKTOp I'PaHUYHBIX 3HAYEHHUH COCTOSHMUI;

x(k) — BEKTOp COCTOSIHMH HCXOJHOW MOJEIH CETH I10-
CTaBOK;

€ — Majas MOJIKUTENNbHAs KOHCTAHTA;

&(k) — BeKTOp COCTOSIHMH PacCIIMPEHHONW MOJIENIU CeTH
IIOCTaBOK;

A — MakCHUMallbHO€ 3HAau€HHE MHTEPBAJIOB 3aIla3/blBa-
HUs MaTepUajbHbIX [IOTOKOB B CETH;

JIMH — nuHeiiHOe MaTpU4YHOE HEPaBEHCTBO;

I®JT — mapamerpuzoBaHHas GyHKIH JIamyHOBA.

BBEJIEHUE

3amava ympapleHHs 3amacaMH BO3SHHKAET B CHCTEMax
MIPOU3BOJICTBA-XPaHEHHSI-PACIIPENIEIICHUS] PECYPCOB, KOTrIa
C LENBI0 YIOBIECTBOPEHHUS MOTPEONTETBCKOTO CIIpoca Co3/ia-
I0TCSl 3amachl MaTepHalIbHBIX pecypcoB. [IpuMepamu Mo-
TYT CIY)KHTb TPOU3BOJCTBEHHBIE, TPAHCIIOPTHBIE CHCTEMBI,
CHCTEMBI paclpeJielIeHus] pecypcoB (BOABI, 3JIEKTPOIHEP-
THH) U T.IL, B COCTaB KOTOPBIX BXOIST ITOCTABIIMKH CBHIPHS,
MIPOM3BOJICTBEHHBIE Y3JIbI, XPAHUIIUIIA PECYPCOB U TPOAAB-
bl KOHEYHOH MPOIYKIUH, TOTAa KaK MOTpeOuTeNnd, popMH-
pyIOIIHe 3aKa3bl Ha MOCTABKY PECYPCOB, PACCMATPHBAIOT-
csl B KauecTBE MCTOYHUKOB BHEIIHHMX Bo3MylieHwi. Cyre-
CTBYIOT Pa3JINYHBIE TUIBI TOIOJIOTUU MOJOOHBIX CHCTEM,
KOTOpBIE€ ONPEENSIOTCS B3aUMHBIM pa3MEIIeHUEM IpPOH3-
BOJICTBEH-HBIX 3BEHBEB, MPOMEXKYTOUHBIX CKIAJOB M MOTpE-
outeneil. Ecnu HekoTopble BUABI CHIPbS WK TonydadpHka-
TOB HCHOIB3YIOTCS B HECKONBKHX MPOIeccaX, MPOXOISIINX
OTHOBPEMEHHO, CHUCTEMa MPHOOPETaeT SIIETOHHUPOBAHHYIO
CTPYKTYpY, BCJIEICTBHE YEro paccMaTpUBAEMbIE CHCTEMBI
Ha3bIBAIOT CETSIMU IOCTaBOK.

[Ipenmomnaraercst, 9T0 Ka)AbIi y3€l CeTH MOCTaBOK B pe-
aJbHOM BPEMEHH NPHHHMAET 3aKa3bl OT Y3JIOB, SBIISIOLIMX-
csl MOTPEOUTENSIMU €0 MPOAYKIHMH, 8 TAaKKe OT BHEIITHHX
norpeduTernel, 1 GopMHUpYET 3aKa3bl y3jaMm, KOTOPBIC SBIIS-
IOTCS TSI HETO MOCTABIIUKAMHU PECYPCOB. YIpaBlieHHE 3a-
racaMy 3aKJII0YaeTcsi B ONPEAETCHHN MOMEHTOB BPEMEHHU
U pa3MepoB 3aKa3oB Ha MX BOCIOJIHEHHE. Bribop crpaternn
YIIpaBJIeHUs 3alacaMy ONMPEAENIIeTCs] XapaKTepoM BHEIIHE-
ro cnpoca. Ha mpaktrke 3a9acTyio HET OCHOBAaHUH IS TOTO,
4yTOOBI pacCMaTPUBATh CIPOC B KAYECTBE CIIyYaiHBIX, JIMOO
rapMOHUYECKUX, JTUO00 YOBIBAIOIINX C TEUYCHHEM BPEMEHHU
BHEITHUX BO3MYLICHHH — KaKas-THOO NOMOJHHUTEIbHAS WH-
(dbopManus, KpoMe TOW, YTO BHEUIHUHA CIIPOC SBISETCS OT-
paHUYEHHBIM, OTCYTCTBYET.

Cnenudukod 3a1aud ynpaBlIeHUs 3aracaMu SBISICTCS
HaJIW4Me 3ama3JblBaHUi 10 YIPaBJIEHHIO, 00YCIOBICHHBIX
3aJep’KKaMH B TIOTIOJTHEHWH 3aracoB OTHOCHTEIFHO MOMEH-
TOB (hOpMHpOBaHUS 3aka30B. B mporiecce (HhyHKIMOHHPOBA-
HUS CETH MOCTaBOK BEJIMYMHBI 3ala3fblBaHUN MOTYT OTJIH-
YaThCsl OT CBOMX HOMHHAJIBHBIX 3Ha4eHUH. B pesynsrare Bo3-
HHUKAaeT HeOOXOAMMOCTh 00ecrieueHHsi POOACTHOCTH CHCTEMBbI
yIIpaBieHHUs 3alacaMi OTHOCHTEIFHO BO3MOYKHBIX BapHalllid
3HAYEHWH BHELIHETO CIpOoca M BEJMYMH 3ana3bIBaHHs.
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Jpyroif 0cOOEHHOCTBIO pacCMaTpUBAEMON 3a1au sB-
JeTCI HEOOXOAMMOCTh ydeTa CTPYKTYPHBIX OTpaHUUYCHHUIH
Ha 00BEMBI XpaHWJIMI U pa3Mepsl 3aka30B. B Teopun ym-
paBieHUs TPaJAULMOHHO PacCMaTPUBAIOT OrPaHUYEHUs, 3a-
JTaHHBIE B Kakoi-mmuoo Hopme. OmHaKo, I 3amad ympasie-
HUS 3allacaMH XapaKTepHO TpeOOBaHHE HEOTPUIATEIHHOC-
TH 3HAUCHHI MEPEMEHHBIX, YTO IPHBOIUT K HEOOXOIMMOCTH
ydeTa HECUMMETPUYHBIX OIPAHUYCHUN HAa 3HAYEHMS YIIPAB-
JISIOIUX BO3AEHCTBUI U COCTOSIHUI.

OpHnM 13 HandoIIee PacIpOCTPAHEHHBIX MOXO/0B K CHH-
Te3y OTPaHWYEHHOTO CTAOWMIN3U-PYIOIIEro YIPaBICHHUS SB-
JISeTCS TIOCTPOSHHE KBaJpaTHIHOW ¢(yHKImH JIdmyHoBa u
ucnonb3oBaHue MareMmarudeckoro anmnapara JIMH. OcHos-
HBIM HEJOCTaTKOM TaKOIO IOAXOJA SBISETCA KOHCEPBAaTU3M
HOJIy4EHHBIX PE3YAbTaToB [1], KOTOPBIH MPOSABISAETCA B TOM,
YTO C MPAKTUYECKOH TOYKU 3PEHUS IIOIy4aeMble IPaHULIbI
POOACTHOCTH OKA3BIBAIOTCS HEONPABJAHHO 3aHIKEHHBIMH.
INprauHOM sABNIAETCA UCHOIB30BAHUE eAHHON (yHKImHM JIs-
IIyHOBa JUI BCEX BO3MOMKHBIX BapUAHTOB pealu3allid HEo-
IIPEJENEHHOCTH MOJEIN CUCTEMBl Y BHEIIHUX BO3JCHCTBUIL.

Jlisi yMeHblIeHHs CTENEHH KOHCEpBaTH3Ma UCIIONb3Y-
0T TTapaMeTpu30BaHHyl0 (yHKIMIO JIsmyHoBa. OnHaxo, IpH
stoMm nonydenusle JIMH comepxxar npousBeneHue Hecra-
LIUOHAPHOW MaTpUIbl AMHAMUKU CUCTEMBI Ha MATpPHILY, KO-
TOpast y4acTByeT B NOCTpoeHHH (yHKImH JlsmyroBa. Jlns
IIPEOJOICHUS YKA3aHHOI'O HEJOCTaTKa NPUMEHSETCS JECK-
PUIITOPHBIA IOAXOJ, KOTOPHIH MO3BONSET NOOUTHCS pasie-
JICHUs. MaTpHLbl AUHAMUKA CUCTEMBl M MaTpulbl JIamyHo-
Ba, 4TO BEAET K CyHIECTBEHHOMY YMEHBIIECHUIO CTEIEHU
KOHCEpBAaTU3Ma PE3yIbTaTOB CUHTE3a YIPABICHMUI.

Llenpio paboTHI ABIAETCS CHHTE3 POOACTHOM CTpaTerHu
YIIpaBJIEHUs 3aracaMy rapaHTUPOBAHHOM CTOMMOCTHU, KOTO-
past CTPOUTCSI HA OCHOBE JIECKPUIITOPHOIO HMOIXOAA M MOXET
HCIONIB30BAThCA JI ONpEIENeHNs B KaXJbIii MOMEHT Bpe-
MEHH pa3MepoB 3aKa3a PEcypcoB C YUeTOM HECHUMMETPHY-
HBIX OTPaHWYEHNI HAa WX 3HAUCHHS B BHAEC (yHKIUH OT ypOB-
Heif 3amaca pecypcoB B y3JIaX CHCTEMBI, KOTOPBIE ITO3BOISIOT
YAEPKHUBATh COCTOSIHUSA B OTPAaHMYEHHOM KOMITAKTHOM MHO-
MKECTBE TP JTIOOBIX JOMYCTHMBIX BO3MYIICHHSX.

1 IIOCTAHOBKA 3A/TAYN

Jl71s1 MaTeMaTH4ecKoro OMUCAaHUs YIPaBISIEMON CeTH To-
CTaBOK HCIIOJIb3YETCsl AUCKPETHAs MOJENb B MPOCTPAHCTBE
COCTOSTHHM, YpPAaBHEHHUSI KOTOPOW OMHCHIBAIOT M3MEHEHHE
YPOBHSI 3aMaCOB Ka)KJIOrO BHJa PECYpPCOB C TCUCHUEM Bpe-
MeHH. B KauecTBe mepeMeHHBIX COCTOSHHN paccMaTpyBa-koT-
Cs HaJIMYHBIC YPOBHU 3amaca pecypcoB. YIPaBISIONIUMHU
BO3JICHCTBUSIMH SIBISIOTCS pa3Mephbl 3aKa30B HA MOCTaBKY
pecypcoB, GhopMHpyeMbIe y3JIaMu B TeKylleM mnepuoje. Pas-
MEphI CIIpOca Ha PECypChl, MOCTYMAIOLINE U3 BHEIIHEH cpe-
JIbl, BBICTYIIAIOT B KAYECTBE BHEIIHUX BO3MYIICHUH.

Jlo1st ortucaHust 3ana3/IbIBaHU HCTIONB3YeTCs] MOJIEIh JHC-
KPETHOM 3aJIepKKH, TMOCKOIBKY MPEANOIaracrcsi, 4T0 HOMHU-
HAJIbHBIC 3HAYCHHS JJIMTETBHOCTH TPAHCTIOPTUPOBKU M TIepe-
paboTKH PecypcoB M3BECTHBI W KPAaTHBI HEKOTOPOMY TEPHO-
Iy AMCKpeTu3aluu. Takke Mpearnoaaraercs, 4To CTPyKTypa
CETH W3BECTHA, a COCTOSIHUS JIOCTYITHBI HEMOCPEJICTBEHHOMY
n3Mepenuto. Torma mMaremaruueckasl MOJIENb CETH MOCTaBOK
3aJIaeTCsl PA3HOCTHBIM YpaBHEHHEM C 3ama3/IbIBAHUCM:

x(k+1) = x(k)+ XN Bulk—1)+Ed(k). (1)
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Ipennonaraercs, 4To UL KaXA0r0 y371a CETH 3aJaHbl MaK-
CHMaJIBHO JIOIyCTUMBIE YPOBHH 3allaca pPeCypcoB U MaKCH-
MaJbHBIE pa3Mepsl 3aka3oB. Torma B mporecce (yHKIMOHHU-

POBaHUS CHCTEMBI JTOMKHBI BHIIONHATHCS OFPAHMYCHHS:
x(k)eX:{xeR" :Oéxéxmax},

u(k)eU={ueRm:0Su§umaX}. )

Byz[eM npeanonaratb, 4TO BHCIIHUE BO3MYIIICHUS YIOB-
JICTBOPAOT OrpaHUYCHUSIM:

d(kye D=} eRI:0<d™ <d <a™* |,

BemmonauM nipeodpaszoBanue monenu (1) Kk craHmapTHO-
My BHIY Oe3 3ama3bIBaHus HA OCHOBE PACHIMPEHHsS] BEKTO-
pa coctosiHUi [2] myTeM BKIIIOYEHUS B HEro BEKTOPOB, OII-
penensomux pasMepsl paHee 3aKa3aHHbIX PECYpCOB, HAXO-
JSIIIAXCSI B TPOIleCCe TPAHCIOPTUPOBKH M HepepadoTKu:

&)= T (0" (k =D, (k=2), o (k= A)] - Toraa
YpaBHCHUSA paCHIHpeHHOﬁ MOACIN NMPUMYT BHUA:

E(k+1) = A&(k) + Bu(k)+ Gd (k), x(k)=C&(k), (3)

rae matpumst 4 € RN, BeRV™ G e RV, c e R,
N =n+mA UMEOT COOTBETCTBYIONIYIO GIOYHYIO CTPYK-
Typy [3].

PaccMOTpUM TOCTpOEHHE MATPULBI UHAMMKH A paciiu-
PEHHOH MOJENH B TOM CITydae, KOra BETMUMHBI 3anasIbBaHus

YIPaBISIEMBIX MOTOKOB A;, i =1,/ OTIMYAOTCS OT CBOMX HO-
MHUHAJIbHBIX 3Ha4eHUH. B 3TOM ciyuae mMaTpuiia CTaHOBHUTCS
HECTAIMOHAPHOM M B KaXKAbIi MOMEHT BPEMEHHU [ > () MOXKET
MIPUHUMATH KaKoe-JIMOO 3HAYCHUE U3 MHOXECTBA

A©) = {A eRVN: 4= 4+ 0,0 AY, B(k) € @}, @)

tme L=2"; 0;(k), i=1,L — nabop mapameTpoB, KOTOpBIE
ONKCHIBAIOT CTPYKTYPHYIO HEONPENETEHHOCTh MOJAENHU U
YIOBJIETBOPAIOT CIEAYIOIMM TPEOOBAHUAM:

@:{eeRL: 0,(k) >0, Zleei(k):l}. )

Taxum 00pa3oM, MOJIENIb CETH B YCIOBHSAX HEONpeze-
JICHHOCTH 3Hau€HUM 3ama3fblBaHUs YIpPaBIISEMbIX IOTOKOB
MOXXET paccMaTpUBATbCs KaK BBIMYKJIbI MHOTOTPaHHUK,
KOTOPBI 3ajaercs CIIUCKOM BEpIIHH

[4®, 8,6,c) (4, 8,6,¢) ... (4D, B,G, . n mo-

XKeT OBITh MpeCTaBlieHa B BUJIE MOJENHU C MapaMeTrpuyec-
KOW CTPYKTypHOM HEOMPE/IeIICHHOCTHIO CIEIYIOIIEeTO BUAA:

E(k+1)= AB)&(k)+ Bu(k)+ Gd (k),

x(k) = CE(k), A(®)eQ= Co{A(D, g AP } (6)
e C0{~} — BBINyKJIas 000JI0UKa; A(i), i:l,_L — {-s31 Bep-
[IIMHA BBIMYKJIOTO MHOXECTBA ).

3anuiieM KpUTEPU KauyecTBa B Ciy4ae OCSCKOHEYHOTO
BPEMEHHOT'0 TOPHU30HTA B BHUJE:

T (k) = Zfzo[(é(k) RNNAT —&*)+uT(k)Wuu(k)} o

# «T «T T
Iz[eO-<W§eRNXN,O-<WueRmX’”;§ =[x ,.,x ] _
A+1

COCTaBHOM BCKTOP, Y KOTOPOroO KOMIIOHCHTBI BEKTOpa _x*
OnpeacIsII0T pa3Mepbl CTPAXOBLIX 3allaCOB PECYpCOB B y3-
JIaX CCTH U BBIYHCIISIIOTCA Ha OCHOBAHHWW BCPXHHUX TI'paHHUY-
HBIX 3HAYCHHH BHEIIHETO CIIpoCa C y4€TOM 3aHa3Z[BIBaHHﬁ
u HpOI[yKTHBHOﬁ MOOCIN JleonTheBa:

A A gmax g
x* — (In —H)_ld, di — Aldl s L la q, (8)
0, i=qg+Ln
) q LRAT)

rie ITe R™” — mpoaykruBHas Marpuia, 3HAYEHHE dIEMEH-
Ta I1;; KOTOpOii PaBHO KOTHHMECTBY €IMHHUIL pecypea i, He-

00XOAMMOMY JIJIsI TIPOM3BOZACTBA €IUHUIBI pecypea .

IepBoe ciaraemoe B BbIpaxkeHuH (7) onpenenseT pas-
Mephl ITPpadoB 3a OTKIOHEHHE TEKYIIMX YPOBHEH 3amaca
PECYPCOB OT CTPaxOBBIX, BTOPOE — CTOMMOCTb IIPOU3BOJ-
CTBa U TPAHCIIOPTUPOBKU PECYPCOB.

Juns cucreMsl (6) ¢ apamMeTpUIecKol HeomnpeaereHHO-
cteio (4), (5) paccMmarpuBaercs 3ajadya CHHTE3a POOACTHOM
CTpaTeruy YIpaBJeHHs 3amacamu, KOTopas JUIsl JIF000ro JI0-
nycrumoro crpoca d(k)e D Vi >( obecrieunsaer:

1) momHOE W CBOEBPEMEHHOE YHOBIETBOPEHHE CIIpOCa,
TO €CTh BBINIOJNIHEHUE MEPBOTO M3 OrpaHWveHui (2) Ha 3Ha-
YEHUs] COCTOSHUIA;

2) pobacTHYI0 yCTOHYMBOCTh 3aMKHYTOH CHCTEMBI IIpU
OrpaHMYEHHSX (2) Ha 3HAYEHUS yIIpaBICHHI,

3) rapaHTUPOBAHHYIO CTOMMOCTH YIPABJIECHHS, KOTOpas
03HAuYaeT, YTO 3HAYCHUE KpUTepus KadecTBa (7) He MpPEBBI-
CUT HEKOTOPOTO T'PAaHUYHOTO 3HAuEHUs.

B kxadecTBe JOMONHUTENBHOTO YCIOBUSI BBIABUTASTCSI TPE-
OoBaHHE CHW)XEHHs CTECIICHW BIIMSHUS M3MEHEHWH Heompe-
JIEJICHHOTO BeKTopa mapamerpoB O(k) Ha pesymbrar cHHTE-
3a ympaBJeHUSI.

2 OB30P JINTEPATYPbI

AHanu3 pa3iIuvHBIX TOIXOAOB K YIIPABICHHUIO 3allacaMH
MOXKHO HaiiTu B pabote [4] n oOmmpHO# OubIMorpadguu
Heil. Cpenu MHOT00Opasusi MoJiesield yIpaBlieHUs 3amaca-
MU BBIJIENISIOT JIBA OCHOBHBIX THIA: MOAETH KPUTHUECKHX
YPOBHEH M MOIENh NEPUOIUIECKON MmpoBepku. B mepBom
cilydae TpearoaraeTcs HempepbIBHBI KOHTPOIb 33 COCTO-
STHHEM 3allacoB M pa3MelleHHe 3aKa30B (PHUKCHPOBAHHOTO
pasMepa Npu CHIDKEHHH TEKYLIUX 3aI1acoB J0 HEKOTOPBIX
KpUTHYECKHX ypoBHEW. Bropoit Tun monenu mpeamonaraer
MIPOBEPKY YPOBHSI 3aracoB 4Yepe3 paBHbIE MPOMEXKYTKH Bpe-
MEHH M pa3MelleHHe 3aKa3a, pa3Mep KOTOPOro OIpenels-
€TCsl B COOTBETCTBUH C BBIOPAHHOW CTpaTerHeH.

B nanHoii pabore paccMaTpuUBaeTCsl MOJIENb TEPUOTH-
YecKOol MPOBEPKH, a 3ajadya ynpaieHus 3anacamu chop-
MYIUpOBaHa KakK 3ajJava IOJAABJICHUS BIWSIHHUS HECITydal-
HBIX OrPaHUYEHHBIX BHEIIHUX BO3MYLIEHHH, METOIBI pelie-
HHUSI KOTOPOM pacCcMOTpeHbI B padore [5].

OnHUM M3 TTOJXOJOB K TAHHOW MPOOJIEMATHKE B TCOPUH
poGacTHOTO YIPaBICHUS SBISETCS KOHLEMINS MHBApHAHT-
HBIX MHOXeECTB [6]. Cpenu pa3inyHbIX (OPM MHBAPUAHTHBIX
MHOXKECTB 0CO00 BBIIEINSIOTCS JJUINIICOUABI BCIECACTBHE MX
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MIPOCTOM CTPYKTYPHI M MPSAMOM CBSI3M C KBaJpaTUIHBIMHU
¢byskimsvu JlsmyHoBa. [Ipu oToM 1S cHHTE3a ONTHMAITBHO-
ro peryisaropa TpeOyercsi pelnTh YKBUBAICHTHYIO 3aJaqy
[IOMCKa HAMMEHBIIEro M0 HEKOTOPOMY KPUTEPHUIO MHBAPHU-
AQHTHOTO BJUIMIICOUJA 3aMKHYTOM JTHHAMHUYECKOW CHCTEMBI.
B pabote [5] Ha ocHoBe Texuuku JIMH ycranaBmmBaercs o-
CTaTOYHOE YCIIOBHE YCTOWYMBOCTH 3aMKHYTOH CHUCTEMBI —
9TO CyIIECTBOBaHME KBaapaTHIHoN (QyHKImY JlsmyHoBa, 1mo-
CTPOCHHOW Ha PELIEHHSIX CHCTEMBI.

IMocne Toro, kak ObUTH Pa3BHUTHI BEIYUCIUTEIBHBIE METO-
JIbl, OCHOBAHHbBIE Ha WJESAX BBIIYKJIOW ONTHMHU3ALUH, U JUIS
¥X peanu3aliy ObUTH Pa3paboTaHbl COOTBETCTBYIOIIHE aJl-
TOPUTMBI U TIporpamMMHoe obecrieueHne [7], Texanka JIMH
WCIIONB3YeTCsl B KauyecTBe OOLIET0 METOo[a aHaIM3a U CHHTE-
3a IMHAMHUYECKUX CHCTEM KaK B HENPEPBHIBHOM, TaK U B JHC-
KpeTHoM BpeMeHH. OJHaKo, MPUMEHEHHE YKa3aHHOTO MOJI-
X071a MIPUBOJUT K KOHCEPBATHBHBIM pe3y/IbTaraM. JTO O3Ha-
YaeT, YTO MaKCHUMaJbHO JIOMyCTUMAas BeJIUYUHA
HEOMPENeNICHHOCTH, IPH KOTOPOH CcoXpaHseTcss poOAaCTHOCT
CHCTEMBI, ONpEAENsIeTCS HAUXy/IIIUM 3JIEMEHTOM CeMeiCTBa.
WHpiMu cioBaMHM, MOAXOA PACCUMTAH HA HAMXYALIYIO BO3-
MOXKHYIO HEOIPEIeIIeHHOCTh, Pealn3alus KOTOpoi Ha Ipak-
THUKE MOKET OBITh KpaifHe MaJIOBEpOSTHOM.

Jns mpeononeHnss yka3aHHOI'O HEJIOCTAaTKa IpeJyiaraer-
cs MCnonb30Barh Tak HasbiBaemyro IIDJI (cMm., Hampumep,
[8]). UccnenoBanusi moka3anu, 4TO YCIOBHSI YCTOHYHUBOCTH,
noiny4deHHele Ha ocHoBe [IDJI sBnsIOTCS MeHee KOHcepBa-
TUBHBIMH, Y€M T€, IIPU MOJYyYEHHH KOTOPBIX HMCIIOIb30Ba-
nack QyHknuu JIsSmyHOBa, HE 3aBHCAIMIAs OT Mapamerpa.
Heo0xommMo OTMETHTH, YTO OONBIIMHCTBO PadoOT, aBTOPHI
KoTOpBIX Hcnonb3ytoT [1DJI, mocBsIIeHbl aHaNU3y U CUHTE-
3y AMHAMHUYECKUX CHCTEM B HempepblBHOM BpemeHu. Cpe-
I paboT, B KOTOPBIX mpeziaraercss mpuMeHsaTs [1DJT mis
CHCTEM B JIMCKPETHOM BPEMEHH, CIIEAYeT OTMETHTH [9].

B Hacrosimiee Bpems MoAXox Ha OCHOBE HCIIOJIB30BAHMS
[I®DJT ctan MOMIHBEIM MHCTPYMEHTOM JUIS aHAJIHM3a M CHHTE3a
JUHEHHBIX CHCTEM C HEONPENeJICHHOCTBIO PA3IMYHOTO POAa.
B pab6ore [10] npeasioxkeHO paclIMpeHre yKa3aHHOTO IOJI-
X071a Ha OCHOBE JECKPHIITOPHOTO OIUCAHMS CHCTEMBI, KO-
TOpOE TEePBOHAYAIBHO OBUIO MPEUIOKEHO JUISI HCCIIEN0Ba-
HUS YCTOMYMBOCTH M CHHTE3a YIPABJICHHS B CHCTEMax C 3a-
nasjablBaHueM. J[eCKpUNTOPHBIN MOAX0M 00NanaeT ABYMs
OCHOBHBIMH NPEHMYLIECTBAMH: BO-TIEPBBIX, BBEIEHHE JI0-
MIOTHUTENBHBIX OCIA0ISIONINX MePEMEHHBIX MO3BOJSET 3Ha-
YUTEIBHO YMEHBIINTh KOHCEPBATH3M PE3YIBTaTOB; BO-BTO-
PBIX, IOOXOA MOXKET OBITH MPUMEHEH He TONBKO IS aHAIN3a
YCTOHYHBOCTH CHCTEM C HEONPEIEICHHOCTHIO, 3aJJaHHOU B
BHJIe MHOTOTPAaHHHKA, HO W JAJIS PELIeHUs 3a/Ja4d CHHTe3a
ONTUMAJIHOTO PETYIATOPA.

OpHako, MOMTyYeHHBIE PE3YBTaThl HANPSIMYIO HETpHMe-
HUMBI K 3aa4e YIpaBICHHs 3alacaMi B CETSAX MOCTaBOK,
MIOCKOJIBKY paccMaTpuBaeMasi MOJENb CUCTEMBI He conep-
JKUT BHEIITHHX BO3MYIIEHHH, aBTOPHl HE YUUTHIBAIOT Orpa-
HAYEHHUS HAa 3HAYCHHS] COCTOSHHM U YIIPaBIEHUH, a TakkKe
HE BBOJIT KPUTEPHUIl KauecTBa, MO3BOJSIONINN OIIEHUTh CTO-
MMOCTh TOJYYEHHOTO YIpaBJICHUS.

B pesynsraTe BO3HHMKaeT HEOOXOOUMOCTH PaCHIMPEHUS
MeTOJa MHBAPUAHTHBIX JJUTUIICOMIOB JUIS 3a]a4 YIpaBiie-
HUS 3alacaMyd Ha OCHOBE JAECKPHIITOPHOTO MOAXOJa C HC-
MOJIb30BaHUEM TIapaMETPU30BaHHON (yHKIMH JIsmyHORBa.
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3 MATEPUAJIBI 1 METO/IbI

BomoaanM AIIIPOKCUMALIMI0 MHOXECTBA [) 3HAYCHUH
BHCIIHETO CIIpOCa JJIIUIICONAOM HAMMCHBIICTO O6’I)€Ma, KO-
TOpBIﬁ 3a4ac€TCsd ypaBHCHUCM

Eaf4b)={deRqﬁﬂ@—dﬁl@%ﬂm—dﬁs%(%

Marpuua Q; € R4 u gexrop d " eRY KOOpAMHAT 1IeH-
Tpa JJUIAIICONIA ONPENEINSIOTCS B Pe3ylbTare pelleHus 3a-
JIa4d TOTYOTIPENENIEHHOTO MPOTrPaMMUPOBAHUS aHAIOTHY-
HO TOMY, KaK 3TO czienaHo B padore [11].

Bynem ctpouth 3aK0H ynpapieHUs B BU/E JIUHEHHON -
HAMHUYECKOM OOPAaTHOW CBSI3W IO CHUTHAJIY PaccoriacoBa-
HUSL MEOXIy HAIMIHBIMH M CTPaXxOBBIMH YPOBHSIMH 3araca

pecypcoB
u(k) = Kbtk —€"). (10)

Torpa pacuiMpeHHYI0 MOJENb 3aMKHYTOH CHCTEMBI IS
ympasieHus (10) MOXXHO MPEACTaBUTH B BHIC

Ek+1) = A, (k,0)e(h) — " )+ 4©)E" + Gd (),
x(k) = Ce(k), Ay (k,0) = A®)+ BK(K), A(®) e Q. (11)

33,[[3‘13 CHUHTC3a YHNPAaBJIICHUSI 3KBUBAJICHTHA PCUICHUIO
MHHHAMaKCHOM 3aJga4yu

u(k) =arg min max

J ., (k)
u(k)eU\ d(k)eE(d",0,),A(0)eQ * - (12

BrimomanM mpeodpas3oBaHne cHCTEMBI (6) C MOMOIIBLIO
JIECKPUIITOPHON CHCTEMBI CIEMYIOIIEro BHIa

Iy Oyy | Sk+D || Onuy Iy | &) .
Onxny  Onwy [ Y(E+1) A©) -1y | y(k)
+ OI‘EN u(k) + O”gN d(k). (13)

[IycTs

A(k0) Onuy

PED= by Ao |

e P. e RVVN =123, P(k,0) — abdpunnas dynxums or
BEKTOpA napameTpos 0 Takas, 410

L
P(k,0)=R" (k,0) =Y 0, (k).

B;(k)y=0,i=1,L,
Py(k) =P’ (k).

Ompenenum MOIUGUIHPOBAHHYIO apaMeTPHU30BaH-
Hyto (yHKIHIO JISIyHOBA, KOTOpasi MOCTPOCHA Ha PEIICHH-
sx cucteMsl (11), B cneayromem Buie

* «\T *
Vig(k) =< ,9)= ER)-& | Ak0)EHR)-E ) (14
Junamuueckas cucrema (11) ¢ mapamerpudeckoil Heorpe-
JieneHHocThio (4), (5) siBrsiercst poOacTHO YCTOWYHMBOMW, €CITU

V(f;(k)—g*,e)> 0 u AV(&(k)—a“;*,e)z V(é(k+1)—§*,6)—
- V(g(k)—a*,e)< 0 V0e® npu (é(k) —g*);e 0.
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| 0
Brenem 0003HaYeHN E:|: N NxN |

OnxN - Onsxw
Zen_ | O Iz L Ok | [0k
A(e){/«e) —IN}’A(G) {A(e)—IN}’B{ g }

~ 0N><N z &(k) = &*
G= k) = =S,
KRR ERH

Beraucmum mepByto o k pasuocts I[1DJT (14) B cumy
cucremsl (11) ¢ yuerom mpeoOpazoBanus (13):

alet0-20)= ek n-£ | Ric ok +n &)
w02 [ errcofto-2)-
T .
_[&(kﬂ)—a } P(k,e{a(kﬂ)—a }—(&(k)—é*)TEP(k,e)(g w0-7)-
Nx1 0N><l

{ yk) &

T
:l P(k,0)x
AB)E(K)+Bu(k)+Gd(k) - y(k)

[ Y€ }
AO)E(K) + Bu(k) + Gdk) - y(k)

- —x|T - —%
MR =)

%« T
:|: . y(k)—¢& . *} P(k,0)x
A0k —E )+ Buk)+Gak) —y(k)+&"+(AG) - I &
. Y- }_
| Ak £ J+ Buk)+Ga)— Y+ +(A®)~ I e

i (w02 ercofno-2)-
- (B@Et0-2 )+ Buko+d00 + Ae)E' | [Pac)+ P00

X(K(e)(é(k)—é*)+ Eu(k)+6d(k)+l(e)>;*)—
~(ew0 -2 erw ofet0-2)- -2 T PT<k,e)ET(E<k>—E*)}

[Morpebyem, utoObl 3HaueHue [1DJT (14) ¢ TeueHueM Bpe-
MEHH YOBIBaJIO C HEKOTOPOH rapaHTUPOBAHHOW CKOPOCTHIO,
KOTOpasi onpe/esseTcs 3HaYeHUeM mokasatens kadecrsa (7):

%[(A(@)(é(k)—é*ﬁ Bu(k)+Gd (k)+/i(e)§*)T(P(k,e)+ PT(k,e))x
x(ﬂ(e)(é(k)—é*)Jr Bu(k)+Gd(k)+ /K(e)g*)—

—(E(k)—é*)TEP(kﬁ)(E(k)—é")—(&(k)—é*)TPT(k,e)ET(E(k)—E*)}s
<l & e € Jaomco |

Ecnu mocneqHee HEPaBEHCTBO BBIMONHSICTCSI, TO MOXKHO
nokasarb, 4yto I1DJI (14) vk > (0 ompenenser Bepxuee Ipa-
HUYHOE 3HA4YCHUE KpuTepus kadectsa (7):

3.0 <V0-£"0).

max
d(k)eE(d",Qq),A(0)eQ

Tornma 3amaya (12) okBHBaJIeHTHA 3aa4e MHHUMH3AIHN
[T (14) u(k) =arg min V(&(k)—é*,e), JUISL peLeHust
u(k)eU

KOTOpOX NPUMEHUM METOJ HHBAPUAHTHBIX IUIMICOUAOB [4].
Kparko u3noxum uaed Meroza.
OJUINICOU, ONUCHIBAEMBIH ypaBHEHHEM

* N \T -1 5
B ,Q<k,e>>={e:eR fero-g T o wolzto-¢ )SI},(ls)

HA3bIBAETCS WHBAPUAHTHBIM MO COCTOSIHUIO JUIS CHCTEMBbI
(11), ecnm m3 ycnosus £(0) e E(Fv*,Q(O, 0)) cuenyer, 4to
&k)e E(e”;*,Q(k,G)) vk > 0. Jdpyrumu cioBamu, iroGast

TPAaEKTOpUsl CUCTEMBI, HAYABIINCh B MHBAPUAHTHOM SILIUII-
comze, OCTaeTcs B HeM IS TF00Oro MOMEHTa BpeMeHH K > ().
Onmcony (15) MOKeT paccMaTpUBaThCS B KadeCTBE arll-
POKCHMAIIMU MHOXECTBA JOCTH>KUMOCTH 3aMKHYTOH CHCTe-
MHI (11), TO ecTh MO3BOMSAET XapaKTEPHU3OBATh BIIMSHHC BHE-
LIHUX BO3MYLIEHHMI M HEOIPEAEICHHOCTU N1apaMeTpOB MOJIE-
JIM Ha TPAeKTOPHIO 3aMKHYTOM cucTeMsbl. Torna MUHMMM3ALMSL
B HEKOTOPOM CMBICITe MHBAapHAHTHOro yummconma (15) coor-
BETCTBYET pobacTHOMY yrpaBiieHuto crcreMoit (11).

Cpasaenne BoipakeHuit (14) u (15) nmo3Bonsier crenatb
BBIBOJ, 4YTO €CJIM  BBINOJHAETCS  TOXKIECTBO
P (k,0) = Q_l(k,e), to Awunconn (15) mpencraBiuser co-
00lf MHOXECTBO, HAaXOJAIIEeCs] BHYTPH HOBEPXHOCTH YPOB-
a1 [1DJT (14).

Torma 3amaga pobacTHOH cTabMIM3amUM 3aKIOdaeTcs B
BBIYMCICHUN B KaXbIH MOMEHT BpeMeHH K > () MaTpHILbI
K (k) Takoi, uroOs! perymsitop (10) obecrieunBan MUHHMU-
3aUI0 10 HEKOTOpOMY KpuTepHio aruumconaa (15) mpu or-
pannueHHsxX (2). Boibepem B kauecTBe KpHTEPHS CyMMY
KBaJpaToB IOMYOCeH DITUIICOMIA, TO €CTh CIell MaTPHUIIBI
Q(k,0). Torna neneBast GpyHKIHs ONTHMH3AIMOHHOW 3a/1a-
4y OyneT UMETh BHJT

Z:‘zl trace (P],_1 (k))—) min, (16)

TO €CTh sIBIsieTCs HenuHelHol. OnmHako, 3ana4a (16) sxkBUBa-
JIEHTHA CIIeAYIOIIeH 3aaJe:

ZiL=1 trace (Hi (k)) — min (17)
{Hi(k) N }0 H; (k)= 0
orpanuue =0, i ,
NpH OTPAaHUYECHHIX Iy Py (K) i

Hik)eRNN =1L

VYka3aHHas YKBHBAJICHTHOCTh JJOKAa3bIBAETCS C TIOMOIIBIO
nepasencte Hi (K) > By (k), i=1,L u nemmur Hlypa [8].

Torna pe3ynbraT pemieHus 3aJadyd CHHTe3a OrpaHUYeH-
HOro po0acTHOrO rapaHTHPYIOLIETO yNpPaBJICHUS 3amaca-
MH B CETSIX NOCTAaBOK Ha OCHOBE MapaMeTPH30BAHHOW (YH-
Kiu# JISmyHOBa ¢ MOMOMLIBIO JAECKPHIITOPHOIO MOIXOAA
MOXET OBITH MPE/ACTABIECH B BHUJE CIEAYIOIIEH TEOPEMBI.

Teopema. Paccmorpum cucremy (11) ¢ mapamerpuuec-
KOW HeomnpeneraeHHOCThIo (4), (5) u orpanuuyeHusmMu (2), U
IIyCTb MaTpPHULbL S (k) m YA(k) MOJIY4YEeHbl B PE3YIbTaTe pe-
LICHUST ONTUMH3AIMOHHON 3anaun (17) mpu orpaHuyeHHsIX

91



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

Ha MaTpPUYHBIC NMEpPeMEHHbIC P, (k)= P“T(k) eRMN |
H;(k)eRMN i=1L, P(k)eRMVN, S(k)eR™™,

Y(k)eR™N; G o ON+3gtmK(TN+3g+m) | ;=1 ;

7 ) :Z(ﬁ)T, i=1,L-1,j=i+1,L n cxanapHelil napa-
metp ok)

AR
A

7012)
7(22)

7 (L)
(2L)
z . <0,

Z LD 7(L2) 7(LL)

=0

=0, (18)

T
w5 0. {Pz(k)BB BS(k)}

sTk)BT Sk

H; (k)

Iy

5 e
C R;k)

Y Wsenle0-2") YT |,
Y (k) S(k) |

Iy

B;(k) =0, H;(k)>0, { P]l-(k)}zo’

(19)

Famkw-¢] o,
Y(k) st | 20

rie O, € R’ — Marpuua >1ImMIconia HAMMEHBIIETO 00be-

Ecmu 3aaqa MuHIMI3amy TuHeHHOH (yrkimu (17) mpu
orpanmyenmsx (18)—(20), koropas sBIseTcs 3ajaueld momy-
OIPENIEIEHHOr0 NIPOrpaMMHUPOBAHUS, UMEET PELIEHUE, TO:

1) nns no6oro HAa4ambHOTO COCTOSHHS x(0)> x™%,

u(k)=0,,q Vk<0 u VA(D) € Q, a Takke BHEIIHETO BO3-

mytienust d(k) e E(d *,Q ;) cucrema (11) ¢ mapamerpudec-
KOil HeomnpeneneHHOCThIo (4), (5) sBisiercst pobacTHO YCTOM-
YHBOI IPU OrpaHUIeHUSX (2); 2) cpeau BeeX JHHEHHBIX Y-
pasnennii Buaa (10) perymsatop ¢ MaTpuIeit

@D

JIOCTaBIISICT MUHUMYM I10 KPUTEPHIO CJela MaTpHUIIbl MHBA-
puanTHOMY Srmwriconay (15) mist 3amMkHyToM cructemsr (11)
B MOMEHT BPEMEHHU k.

V3-3a orpaHMYEHHOCTH 00BbEMa CTAaThU JOKa3aTEIbCTBO
TEOPEMBI OIlyCKAaeM.

IMepsoe 3 JIMH (18) rapanTupyeT crabmIM3aIiio 3aMK-
Hytoili cucremsl (11) mpu Vd (k) e E(d*an) u VAB) e Q.
Hocnennee n3 JIMH (19), a taxxe JIMH (20) obecneunBaroT
BBINIOTHEHUE 33/IaHHBIX OrpaHndennii (2). OTMETHM, YTO UIMEH-
Ho Haymane JIMH (20) npuBomut kK HEOOXOAUMOCTH HCIIOIb-
30BaHUS HECTAIIMOHAPHOW OOPaTHOM CBSA3M, IIOCKONBKY Mart-
pHILIBI HEPABEHCTB 3aBUCST OT TEKYILETO 3HAYECHUS BEKTOpa
cocrostamii (k).

4 OKCIIEPUMEHTbBI

B kadecTBe IpumMepa paccCMOTPUM CEThb HMOCTABOK, KOTO-
pas m3ydanack B pabore [2]. Monens ceTn OMHCHIBAETCS

rpapom G = ({1,2,3}, {(2,1), (2,3), (3,1)}). 3amanbl 3HAYEHUS

BPEMEHH BBIIONHEHNS 3aKa3a B y3nmax cetu: 1] =7, =2,

K(k)=S" k)Y (k)

T3 =1; 1 BpeMeHN TPAHCHOPTHPOBKH PECYPCOB MEXKIY Y3-
JIJaMH1 CC€TH: T2,1 = T3,1 = T2,3 =1.

IpencraBuM ynpapisieMble TIOTOKH U] M 13, OITMCBIBAIO-
e cOOpPOYHBIC MPOIIECChI, B BUAE THIEPIYT, @ TAKXKE J0-
6aBUM IOTOK U5, KOTOPBIIl ONMUCBHIBAET MOCTABKU CHIPbS U3-

Ma, KOTOPBHIH aNNpOKCUMHUpPYET MHOXecTBO X BHe (cM. puc. 1). lyru d| u d,, n306paxkeHHbIE ITyHKTHPHBI-
e 2[1,1,.“,1]T e R™L MU JUHUAMH, IPEACTABIAIT BHEUIHUM cIpoc. 3HaueHUe
BPEMEHHU TPAHCIIOPTUPOBKU M KOJUYECTBO €AWHMI] MPOLYK-

e ARG 0y 0y, Ove AVBOWRE 0y YW,

Bwd'+5m Ro-Ane-He) é(km ) BGB®G 2Bk Ovg  Owav Ohsav

. (4’7 —IN)TPz(k) Oy Ong Ovg (A@ —IN)TIi(k) Ovg  Onav Ony

ol Opey Bk Or Oy O G'B® O v Opv

T Oy G'B® Opov Oy Opg G'B(k) Oy Qv Opy

Aodssw  28n ARl BecHre  Be  BRGY 0w Ou

Opav Opav Qv g 0, d@%(k) AW, O Opy

44 Onsav Onsav Og Oy, Onsey Ong T Ony

AL Onsav v Ovg 0Oy, Onsey N
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Pucynok 1 — I'paduueckoe npescraBieHne MOAEIM CETH TOCTaBOK

wuu I1;;, Kotopoe Tpebyercst B COOTBETCTBHU C TEXHOIOTH-

YECKUM IPOLECCOM, YKA3aHbl IS KaXJIOro YIPaBIsIeMOro
IIOTOKA B KPYIIBIX U KBaJPaTHBIX CKOOKaX, COOTBETCTBEHHO.
Boze kaxkmoro y3ma B KpyIIbIX CKOOKAaX yKa3aHbI 3HAUCHHS
BPEMEHHU BBINOIHEHH 3aka3a 1;. Cnenuduka paccMaTpH-
Bae€MOI CHCTEMbl B TOM, YTO Ha y3en 1 NEeHCTBYeT TOIBKO
BHELIHUH CHpoc; Ha y3en 2 AeHCTBYeT KaK BHEUIHUH, Tak U
BHYTPEHHHUH CIIPOC CO CTOPOHBI y310B 1 u 3; Ha y3en 3 —
TOJIBKO BHYTPEHHUH CIPOC CO CTOPOHBI y3iaa 1.

Ilo popmyne A; =max{Tj’,- +T;, i,j=13,j# i} ompe-
JACIHUM BCIWYHHBI 3alla3AbIBAHUS YIIPABIIICMBIX ITOTOKOB IJIs
BCEX Y3JIOB CETH, B pesybTare momyanM A = 3. Torma pas-

MEpPHOCTh PACIIUPEHHONW MOJENH CeTH paBHA N =12.
3a1aHpl MaKCUMAITbHbIE BMECTUTEIILHOCTH XPaHMIIHUIL Y3-
JIOB CETH M 00BEMBI TPAHCIIOPTUPOBOK x™MaX — [120, 672, 240]T,

ymax _ [25, 130, 55]T, a TaKKe IPAaHUYHBIC 3HAYCHHS BHEII-

Hero crpoca ™" = [7, 6]T, d™ =20, IS]T.
IlycTh BpeMs TPaHCIIOPTUPOBKH PECYPCOB MEXKIY y37a-
mu 2 1 3 B mpouecce GyHKIMOHHPOBAHUS CETH MOXKET YBe-

JUTIMBATECS HA OJIIH TIEPHON, T.€. T, 5 ¢ {1’ 2}. Torna Benu-
)
YMHA 3alla3]bIBaHUs YIPABISAEMBIX [IOTOKOB y3lIa 3 HNpPUHU-

MaeT 3HaueHUE M3 MHOXecTBa Aj € {2, 3}. B pesynsrarte

nomyanm A(0) e Q = CO{A(I), A% }, rae

L B A & L B B B
% G O3 sl 2 |0%s s Ge Ga
s L s B e 5 O 0g
0a Oa 5 O3 0a Oa 5 O

000 foool [100 100
=01 0L B0 1 0| #'50 0 0| B2=0 0 0
001 000/ 000 ool

(BapbUpyeMbIC 3JIEMEHTBI MATPHIl TOJYEPKHYTHI).

B cootBercTBuH € (8) ypOBHH CTPAXOBBIX 3aM1ACOB PABHBI
x* = [60, 336, 120]T. Crenys [12], BeIYMCIUM mapameTpsl
AIUJIUIICOHA, ANMPOKCHMHUPYIOIIEr0 MHOKECTBO 3HAYCHUH
Q, =diag(84,5,72,0),

BHCIIHECTO cropoca:

* T
d = [13,5, 12,0]"; a Taxxe maTpuy >mmumnconna Oy, amm-
POKCUMUPYIOIIEr0 MHOXKECTBO X JONMYyCTHUMBIX 3Hau€HUM
COCTOSIHMI. B KayecTBe HAa4allbHOTO COCTOSIHUS BBIOpAHBI

K3
3Ha4YeHus crpaxoBbix 3amacoB x(0) = x , a 3HaueHus quUaro-

HaJIbHBIX BCCOBBIX MATPHUIl PAaBHbI I:Wé ]ii = 2’09 i= 1,12,
], =01, j=13.
5 PE3YJIBTATBI

MopenupoBaHre OCYHIECTBISLIOCH B TedeHHe 15 mepuo-
JIOB. Pe3ynbraTbl MOIETMPOBAHUS MOTYYEHBI ITyTeM YUCIICH-
HOTO peIIeHus] oclenoBaTebHOCTH 3a1a4d (17) mpu orpa-
HrueHusx (18)—(20) B ycmoBusAx CKad4KooOpa3HO M3MEHSIO-
mIerocss BHENIHEro CIpoca C IOMONIbI0 CBOOOTHO
pacnpoctpansemoro nakera CVX [12]. Pesynpratsl npen-
CTaBJIEHbI HA PUC. 2 — pHC. 4, TJe @ — 3HAUCHHUS] HAJTMIHOTO U
CTPaxoBOTO YpOBHEH 3amaca; 6 — 3HaueHUs] BHELTHETO CIpPO-
ca u 00bEMOB 3aKa3a.

6 OBCYKJIEHHE

BHavane HaOmomaercsi mepexoaHblid MpoIece, 00yCcIIoB-
JICHHBIA TE€M, YTO B MOMEHT Hayajla MOIEIHpPOBaHHS KaHa-
JIBI TPAHCIIOPTUPOBKH PECYPCOB He ObLIH 3arpykeHsl. B 4, 9
u 14 mepuonax 3HaueHWE MATPHIBI AWHAMHUKH BBEIOMPATIOCH

pasuemy 4%, B ocramsubix mepuomax — 4D, crencrauem
9ero SBIAIOTCS CKaYKOOOpa3HBIC M3MEHEHHS OOBEMOB 3a-
Ka30B B YKAa3aHHBIX ITEPHOAAX, OCOOEHHO 3aMeTHbIE It 1 u
3 y3noB. B mporecce MomenmpoBaHus (a3oBasi TPACKTOPHS
3aMKHYTOI CHCTEMBI He BEIXOJHT 3a IpeJeisl MHBapHaHT-
HBIX 3JUTHICOMIOB, pa3Mephl KOTOPHIX 3aBUCAT OT BBEIOpaH-
HBIX 3HAYCHHMH BECOBBIX Matpuil Wy u W, onpenensronuux

KpI/ITepI/Iﬁ Kauy€CTBa CUCTCMEIL.

70

60 '-'-’-"‘!"-’-'-’-"!"-" — X

YpoBeHb 3anaca x; (eA.)

Cnpoc d_| (en.); ynpaenexue u (en.)

Homep auckpetHoro uxtepsana k
o
PI/ICyHOK 2— Fpa(bmcn TIEPEXOAHBIX ITPOLECCOB IJIA y3J1a 1
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YpoBeHb 3anaca x 2 (en)

Gnpoc d, (en.); ynpasnenve u, (ea.)

YpoBeHb 3anaca X (ea.)
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Pe3ynbraTel MOIEIMpPOBaHHS TOKA3alId, YTO MOMy4eHHAs
CTpaTerys ynpaBJICHUs 3amacaMi 00ecriednBaeT OTCYTCTBHE
neuIuTa pecypcoB B CETH, TapaHTUPOBAHHYIO CTOMMOCTh
VIIpaBJICHHS, a TAKKE POOACTHYIO YCTOWYMBOCTh 3aMKHY-
TOW CHUCTEMBI NPH 33JIaHHBIX OTPAHUYEHHAX Ha COCTOSIHUS U
yIpaBICHHS.

BbIBO/IbI

B craTtbe npemioxkeH noaxoa K pelIeHUio 3a1a4d CHHTe-
32 OTPaHHYEHHOTO POOACTHOTO TapaHTHPYIOIIErO YIIpaB-
JIEHUs 3aracaMu JUis CeTeil IOCTaBOK C MapameTpuyecKon
CTPYKTYPHOH HEONpEEIeHHOCThIO B YCIOBUSIX JEHCTBUS
HEU3BECTHOI0, HO OrPAaHUYEHHOr0 BHELIHErO CIpoca U Ha-
JIMYUS HECUMMETPUYHBIX OIpaHMYEHUI Ha 3HAUEHHsI COCTO-
SIHUA YW yIpaBieHUH. 3aKOH YNpaBJIEHUS CTPOUTCS B BHIE
JUHEHHOW NHHAMHYECKON OOpaTHOW CBSI3W 10 CHUTHAITY He-
BSI3KH MEX]y HATMYHBIMH U CTPaxOBBIMH YPOBHSIMH 3aria-
ca pecypcoB. [lonxon ocHOBaH Ha HCHOJIB30BAHUM METOJA
WHBAPUAHTHBIX JJUIMIICOMJOB U TapaMeTpPH30BAaHHOW (yH-
kimu Jlanynosa. Mcnonp3oBaHue MareMaTHYECKOro arra-
pata JIMH mo3Bonuio copMynupoBath 3aqady CHHTE3a
YIpaBJIeHUs] B BHJE IOCJIEN0BATEIILHOCTH 3aJ1ad MOIYyoIIpe-
JIEIGHHOTO IPOrpaMMHUPOBAHUs, NI PEHIEHUsS KOTOPBIX
MIPUMEHSIOTCSI CBOOOIHO PacIpOCTpaHsIeMble CHEIUAIN3U-
poBaHHBIE NporpaMMHble nakeTsl. C MOMOIIBIO JECKPHUII-
TOPHOTO ONMCAHHS CUCTEMBI YIAJIOCh HOOUTHCS YMEHBIIE-
HUSl KOHCEpBaTH3Ma IOIYyYEHHBIX PE3yIbTaTOB, ITOCKOJIBKY
MaTpHIIbl HEPaBEHCTB HE COJIEp)KaT NMPOU3BEIACHUS HecTa-
OMOHAPHOW MAaTPUIBI TUHAMUKH CUCTEMBI M MaTpuipl JIs-
MYHOBA, & TIPH BBIYMCICHUU MAaTPHUIBI KO3 (PUIUESHTOB 00-
pPaTHOM CBSI3M UCIMOJIB3YIOTCS MAaTPHILIbl, HE 3aBUCSIINE SIBHO
OT HEOIIpEeJIeJIEHHBIX IapaMeTpOB MOJIEIH.
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JECKPUNITOPHUM MIJXIJI IO CUHTE3Y OBMEXEHOI'O POBACTHOI'O TAPAHTYIOUYOI'O KEPYBAHHS 3AIACA-
MU 3 BUKOPUCTAHHSIM MMAPAMETPU30BAHOI ®YHKIIII JISITYHOBA

Bupimeno 3agady cuHTe3y poOAcTHOrO rapaHTyIOuOro KepyBaHHs 3alacaMH Ul MEpEeX I0CTaBOK 3 IapaMETPUYHOIO CTPYKTYPHOIO
HEBU3HAYEHICTIO B YMOBaxX Jlii HEBiZOMOro, ajge OOMEKEHOro 30BHIIIHBOIO IOMHMTY Ta HAsBHOCTI HECUMETPUYHUX OOMEXEHb HA 3HAUYECHHS
CTaHiB 1 KepylouHX Jill. 3aKOH KepyBaHHsS OyIyeTbCs Y BUINIAAL JIHIHHOINO AMHAMIYHOIO 3BOPOTHOrO 3B’SI3KYy 3a CHI'HAJIOM HEB’SI3KH MDK
FOTIBKOBUMH 1 CTPAXOBHMH PIBHSMU 3amacy pecypcis. J{jist onaBieHHs BIUIUBY 30BHIIIHIX 30ypeHb, 1110 MOIEIIOIOTH 3MiHH IIONUTY, OJHOYACHO
i3 3a0e3ne4eHHsIM poOacTHOT CTIKOCTI 3aMKHYTOI CHCTEMH 3aCTOCOBAHHMI METOJ] iHBapiaHTHMX EJICOINIB, IKUil OYB yIOCKOHATIEHUH 3a J0M0-
MOTO0 BUKOPUCTAHHS JIECKPUIITOPHOTO OMHCY CUCTEMH Ta MOOYJI0BU NapaMeTpu3oBaHoi GpyHKuUil JIamyHoBa, 10 103BOJISE 3MEHLIUTH CTYIIHb
BILUIMBY HEBHU3HAYEHOCTI 3HaYEHb TPAHCIIOPTHUX 3alli3HIOBAHb HAa pe3yJbTaT CHHTE3y KepyBaHHs. 3a JOIOMOIOI0 MaTEMAaTHYHOTO arapary
JHIHHUX MaTPUYHUX HEPIBHOCTEH 3a/1a4a CUHTE3Y YIIPaBIIiHHs NPECTaBlIeHa Y BUIIIS1 TOCIIIOBHOCTI 3a/1a4 HalliBBU3HAYEHOTO IPOrpaMyBaH-
Hs, JUISl BUPIIIEHHS SKUX 3aCTOCOBYIOThCSI BUIBHO IOLIMPIOBAHI CIIELialli3oBaHi MporpaMHi makerd. B pamkax 3anpornoHOBaHOi METOIHKU
MOXJIMBUHA BUOIp ONTHMAalIbHUX 3HaYeHb CTPAXOBMX 3aIlaciB pPecypciB, OCKUIBKM PO3NISHYTE pIllleHHS 3aja€, (aKTUYHO, alTOPUTMIUHY 3a-
JIEXKHICTh MK PIBHEM CTPAXOBMX 3aIaciB i ONTUMAJIbHUM 3HAYEHHAM KPUTEPilo sKOCTi. Po3mIsHyTO YncenbHUM NpUKIa.

KuouoBi cioBa: kepyBaHHs 3aracaMu, poOacTHe KepyBaHHs, METO iIHBapiaHTHHX €JICOINIB, A€CKPUIITOPHUIL MXiM, TapaMeTpe3oBaHa
¢dynxuis JIanyHoBa, JniHiHA MaTpUYHA HEPIBHICTS.

Doroficiev Yu. 1.

PhD, Associate professor, Associate professor of department of system analysis and control, National Technical University «Kharkiv
Polytechnic Institute», Kharkiv, Ukraine

DESCRIPTOR APPROACH TO THE SYNTHESIS OF CONSTRAINED ROBUST GUARANTEED INVENTORY CONTROL
USING PARAMETER-DEPENDENT LYAPUNOV FUNCTION

The problem of robust guaranteed inventory control synthesis for supply networks with parametric uncertainty under action of unknown,
but bounded external demand and availability of non-symmetrical constraints on the values of states and controls is solved. The control law
is constructed in the form of a linear dynamic feedback with respect to deviation between cash and safety stock levels of resources. In order
to suppress the influence of external perturbations, modeling changes in demand, while ensuring robust stability of the closed system the
method of invariant ellipsoids is used, which has been improved through the use descriptor system approach and building parameter-dependent
Lyapunov function, which reduces the impact degree of uncertainty of the transport time-delays on the result of the synthesis control. With
the help of the linear matrix inequalities technique the control synthesis problem is presented as a series of semidefinite programming, for
solving which is used open source software. In the framework of the proposed method is possible to choose the optimal values of safety stock
levels of resources, as the resulting solution determines, in fact, an algorithmic relationship between the levels of safety stocks and the optimal
value of the quality criterion. The numerical example is considered.

Keywords: inventory control, robust control, invariant ellipsoids method, descriptor approach, parameter dependent Lyapunov
function, linear matrix inequality.
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PEWWEHUE 3AOAYU MOBAJIbHON ONTUMU3ALIUN
MOONPULUMNPOBAHHbLIM ANNFTOPUTMOM JNIETYYUX MbILLEN

B pabore paccMOTpeH alropuT™ JIETYUUX MBIIIEH 1715 PeleH s 3a1a91 N00aIbHOM onTUMH3alMu. JJaHHBIH METaIBPUCTUYECKUI allTOPUTM
OTHOCHUTCSI K QJITOPUTMAM POEBOrO MHTEIUIEKTAa, KOTOPble MHTEHCUBHO Pa3BUBAIOTCSA B IocieqHue roxabl. Llenbio pa®oTsl sBIseTCS
YCOBEPLIEHCTBOBAHHE aJIFOPUTMA JIETY4UX MbILIEH, UccneoBaHue 3P ()EKTHUBHOCTH ero paboThl ¥ IPUMEHEHHE JUIsl pEleH s ONTUMHU3ALMOHHBIX
3agad. [Ipennoxen MoguQUUUPOBAHHBIA BapHaHT KAHOHMYECKOIO aJTOPUTMA, B KOTOPOM JUISl BBIYHMCIIEHHUS] CKOPOCTH JBIDKEHHS JIETYUHX
MblILIEH NPUMEHEHa METOAUKA aIropuTMa post yacTul. IIpoBeneHbl BBIYUCIUTENbHBIE SKCIEPUMEHTBI 110 CPABHEHHIO TOUHOCTH M CKOPOCTU
CXOIMMOCTU KaHOHHUUYECKOTO U MOAM(UIIMPOBAHHOIO aJITOPUTMOB. YCTaHOBIIEHO, YTO NPEATOXKEHHBIH BaApUaHT alropuT™Ma sBjsiercs Oolnee
3} G eKTHBHBIM IPU HAXOXKAESHUH INI00AIbHOTO MUHUMYMA YHUMOZIAJIbHBIX 1 MY/IbTHMOJAIBHBIX TECTOBBIX (QyHKIMIA. MccnenoBana 3aBUCUMOCTh
s¢dextrBHOCTH PabOTHI MOAM(DULIPOBAHHOIO AITOPUTMA JIETYUUX MBbIIIEH OT 3a1aBaéMbIX IIapaMeTpoB. B kauecTBe BapbUPYEMBIX ITapaMETPOB
BbIOpaHbI HAYaJIbHbIE 3HAUEHHSI TPOMKOCTH U MHTEHCUBHOCTH 3BYKOBOIO CUTHAJIA, UCITYCKAEMOTO JIETYYUMH MblIIaMu. MoauuIpOBaHHbIi
aJITOPUTM IIPUMEHEH 11l pEIeHHs TPAKTUUECKOH 3aja4l MUHUMHU3aLlul CTOUMOCTH PACXOAHBIX MaT€pHAIOB, HEOOXOMUMBIX JUIsl U3TOTOBIIEHUS
COCyZla BBICOKOTO aBieHus. IIpoBeieHO conocTaBIeHne MOMYyYE€HHOTO pellieH s JaHHOH ONTHMU3allMOHHOM 3a/1aul ¢ PE3yNIbTaTaMu APYTrux
aBTOPOB, KOTOPbIE PUMEHSIHM KaK KIACCHYECKHE, TaK U HOIY/ISLMOHHbBIE aITOPUTMBI.

KnoueBbie coBa: AJITOPUTM JICTYUUX MLImCﬁ, HOHyJ'ISII_II/IOHHHﬁ AJITOPUTM, pOCBOI\/'I HWHTCIUICKT, rio0aabHas ONTHMHU3al U .

HOMEHKJIATYPA
A; — TPOMKOCTB 3BYKOBOTO CHTHAJIA;

AZ-(HD — IPOMKOCTH CHUTHajia {-Od JIeTyd4el MbIIN Ha
(t+1) nrepaunm;

A(t) — cpenHee 3HAYEHHE TPOMKOCTH 3BYKOBBIX CHTHa-
JIOB BCEX JIETYYHX MBIILIEH;

C1,Cy — 3aJlaHHBIE KOHCTaHTHI;

f(x) — ueneBast GpyHKUMSL,

F(x) — BciomoratenpHas 1eneBas QyHKITHS;

gj(X) — orpannvcHus-HePaBEHCTBA;

i — HOMEp JIeTy4ed MBIIIH;

L — UIMHA [WIMHIPUYECKOH YaCTH COCYyIa BBICOKOTO
JIABIICHUS,

m — pa3MEpHOCTh MNPOCTPAHCTBA,

N — KOIMYECTBO JIETYYUX MBIIIEH B MOIMYISALMH;

7; — HHTCHCUBHOCTb 3BYKOBOI'O CHUI'HaJIa,

rl.(Hl) — WHTEHCHBHOCTh CHUTHasa j-OH JieTyueit Ha (t+1)
uTepanuu;

rand — cioydaitHoe umcio u3 uatepsana [0, 1];

R — BHYTPEHHUH pajnyC IHJIUHIPUYECKOH 000JI0YKH
cocya BBICOKOTO JIaBJICHHUS;

! — HOMEp HTEpalu aJIrOpUTMa;

tMax — MakCHMaJIbHOE YHUCIIO UTEpAllii alTOpPUTMA;

T ¢ — TOMHMHA CTCHKH IMIMHApPA COCYIa BBICOKOIO 1aB-

JIEHUs;
T}, — TonmuHa chepruueckoil TOIOBKH COCYIa BBICOKOTO
JIaBIICHMS;
V; — CKOPOCTb JIETy4€l MBIIIIN;
vl(t) — CKOpOCTPH TepeMEIIeHUs | -OU JIeTydel MBI Ha
HTEpamuu ¢,
X; — TEKyllee MOJOKEHHE JIETYy4eH MBIIIH;

t .y o
xl( ) — TIOJIOKCHHME [-OM JICTYYCH MBIIIM HA UTCPALMHM [,
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Xpin — MMHUMAaJIbHOE 3HaY€HHE KOOPJIMHATHI JIETyden
MBIIIH;
xrnax
MBIIIH;

— MAaKCHMaJIbHOC 3HAYCHUC KOOPAWHATHI nelyqeﬁ

*
x — TO4dka r1100aIbHOTO MHUHHUMYMaA;
X — MOJOXEHUE JIeTy‘Ieﬁ MBbIIIHN, B KOTOPOM Haﬁl[eHO
Jryquiee rmo0anbpHOe peHICHUC,

X; — TIONOXKEHHE JIeTydel MBIIIH, B KOTOPOM HalJEHO ee
JTy4qiiee penieHue;

X — MHOXXECTBO JIOMYCTHMBIX DPEIICHHIA;

oL — 3aJaHHbIi ko3 duieHT n3 uarepsana [0,1];

B — ciyuaiinoe uncno us marepsana [0,1];

Y — 3aaHHBIH KO3 QUIIMEHT;

€ — cly4aiHoe yucio u3 untepBana [—1,1];

K j — koHCcTaHThl IWITpada;

&,&, — cimyuaiinble yncna u3 uaTepBana [0,1];

X — K03(DDUIHMECHT CXKATHS,
(; — YacToTa 3BYKOBOTO CHI'HAJA;

Oppin — MEHAMAJIbHOE 3HAYEHHUE YACTOTHI 3BYKOBOTO CHI-
Haua;

®Omax — MaKCHMAJIbHOE 3HAYCHHUE YACTOTHI 3BYKOBOTO
CHTHAA.

BBEJEHUE

Pemenne MHOTMX aKTyaJbHBIX MPOOJIEM B Pa3IMYHBIX
MPUKIAAHBIX U (QyHIaMEHTabHBIX HayKaxX CBOIHUTCS K 3aja-
yaM robanabHOM onTuMu3anuu. CylecTBYIONIUE YUCIICH-
HBI€ METOJBI ONTHMH3AIMU MOKHO YCIOBHO pa3[eiuTh Ha
JIBE TPYIIBI: JETEPMUHUCTHUYECKUE U cToXacTuueckue. [le-
TEPMHUHHCTHYECKHE METOABI, KaK MPaBHIIO, TPEOYIOT HAXOXK-
JIEHHE TpaJeHTa 1eJieBor (DYHKIMU M 3aBHCAT OT BhIOOpa
HayaJIbHBIX 3HAYEeHUH, MpH (UKCUPOBAHHOM 3HAYEHHH KO-
TOPBIX BCEerJa MPUBOIAT K TOMY ke pe3ynsrary. OmHako Ie-
neBasi GYHKUHS B 3a7adax NIOOANBHOW ONTUMH3AIMHA MO-
xeT ObiTh HenupdepeHuupyemMoi 1ubo pa3pbIBHOM, MU
K€ HEJIWMHEHHOW 100 MYIBTUMOJNATBHOMN, YCIOXKHSS TEM
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caMbIM pemrenne 3amadu. [ 3¢ eKTHBHOroO pemeHus mo-
JOOHBIX 3a/1ad ITHPOKO HCHOIB3YIOT CTOXaCTHIECKHE METO-
IIbl, KOTOPbIE HEe HAKIIAIBIBAIOT JOMOTHHUTEIBHBIX OrpaHrye-
HU Ha TIOCTaBKY 3aJa4u.

CroxacTHYeCKHe TTONCKOBBIC aJlTOPUTMBI Hadalld MHTEH-
CHBHO pa3BuBarhcs B 1980-X IT, B IUTepaType UX TaKXKe Ha-
3BIBAIOT METadBPECTHYCCKUMH, MOMYISIIHOHHBIMU, MHOTO-
areHTHBIMH M aJlTOPUTMaMHU POEBOTO MHTeNIekTa (Swarm
intelligence) [1]. /laHHBIE anTOPHTMBI IPEATIONATAIOT OHO-
BPEMEHHYIO 00pabOTKy HECKOIBKHX BO3MOXXHBIX BapHaH-
TOB pEIICHNUs ONTHMH3AHOHHOI 3agaun. Eme omHol oco-
OEHHOCTBIO MOJIOOHBIX aNTOPHTMOB SBIISETCS MX OHOHMUEC-
Kas mpupona. MHOrOareHTHbIE aJTOPUTMBI ONMHCHIBAIOT
JMIMTHAMUKY TIOBEJICHUS TPYII PA3IMYHBIX COLUATBHBIX KU-
BOTHBIX, IITHII, HACEKOMBIX U MPOYUX AreHTOB HEKOTOPOH
OMOJIOTHYECKON CHCTEMBI, KOTOPhIE JIOKAJIFHO B3aMMOJCH-
CTBYIOT MEXJy co00H U ¢ OKpyxaromied cpemoit. Komek-
THBHOE ITOBEJICHIE TPYMNITBI areHTOB ITO3BOISET UM PEIIATh
pa3IHYHBIC CIOXKHBIC MPAKTHYECKHE 33a4H B IPHPOZE, UTO
CBUJETEIBCTBYET PO 3(P(HhEeKTHBHOCTH aITOPHTMOB POEBO-
TO MHTEIUIEKTa, MOJCTHPYIOIUX UX mMoBeaeHue. [Toatomy
aKTyaJIbHOHM SIBJISIETCS 3aj1a4a IMOCTPOCHHS M HCCICAOBAHUS
MONYJISIIIHOHHBIX AJITOPUTMOB, a TaKXKe pacIIupeHue obiac-
TH WX NpUMeHeHus [2].

Cpenu MHOTOOOpa3us MOMYISINHOHHBIX aITOPHTMOB
MOXXHO BBIJICIUTH CIEIYIOIINE TPYIIBI: aJrOPUTMBI, UHC-
NHPHPOBAHHBIE JXHBOH mpupoxoi (nature-inspired
algorithms); anropuTMBI, HHCIIPHUPOBAHHEIE HEKUBOH MPH-
pOIOIi; alTOPUTMbI, HHCITUPUPOBAHHBIE YEIOBEUECKUM
obmectBoM 1 apyrue [3]. K Hanboee M3BECTHBIM alropuT-
MaM, BJIOXHOBJICHHBIM J>KHBOW IPHUPOJOHA, OTHOCATCS: MY-
paBeuHEIH anroput™ (Ant Colony Optimization, 1992), me-
tox post wactull (Particle Swarm Optimization, 1995), 6akre-
puanbHas ontumusanus (Bacterial Optimisation, 2002),
ajroput™ muenuHoro post (Bees Algorithm, 2005), anroputm
ceernsiukoB (Firefly Algorithm, 2007), mouck KOCsIKOM pbIO
(Fish School Searh, 2008), anroputm kykymiku (Cuckoo
Search, 2009), anroputm sneryunx Mbimieit (Bat Algorithm,
2010) 1 ap. AIrOpUTMBI, HHCIIUPUPOBAHHBIC HEXKUBOH MPHU-
POIOH, UMUTUPYIOT MPOLECCHI, MPOUCXOASIINE B (HU3HKE,
XMMHH ¥ JIp., B YACTHOCTH 3TO: CTOXacTUYecKuit muddy3u-
onnbid mouck (Stochastic Diffusion Search, 1989), mudde-
penumnanbHas sBororus (Differential Evolution, 1997), amnek-
TpomarauTHbIi anroput™ (ElectroMagnetism-like Algorithm,
2003), rapmonnueckuii mouck (Harmony Search, 2008), ain-
ropuTM rpaBuTanuoHHoro noucka (Gravitational Search,
2009) u ap. K anroputmaM, HHCITUPUPOBAHHBIC YEIOBEYEC-
KHM OOIEeCTBOM, MPUHAISKAT: aJTOPUTM SBOIIOLUH pa-
3yma (Mind Evolutionary Computation, 1998), kyasTypHbIi
anroputm (Cultural Algorithm, 1994) u np.

OOBEKTOM JaHHOTO MCCIEIOBAHUS SBIISETCS MpPOIece
pemeHns 3a1a4d r100aJbHON ONTHMHU3aLUU MPU MOMOIIH
aJITOPUTMOB POEBOTrO MHTeIUIeKTa. OJJHUM M3 HOBBIX alITOPUT-
MOB JaHHOTO THIIA SIBJISIETCS JITOPHTM, WHCIUPHPOBAHHBIN
MOBEZICHUEM JICTYYMX MBIIICH (aJITOPUTM JICTYYHX MBIIICH),
npemioxkeHHbiid Xin-She Yang B 2010 1. [4]. Oror anroputm
SIBJISIETCS] TIOTEHIIMAIBHO OOJiee MOIIHBIM, YeM aJITOPHTM POst
YaCTHUI, TEHETUYECKUI alITOPUTM, a TaK YK€ TapMOHUYECKHUI
nonck. bonee Toro, rapMOHMYECKHH MOWCK U aITOPUTM POst
YaCTHIL SIBJISAIOTCS OCOOBIMH CIIydas MU QJITOPUTMA JETYYHX
MBIIIEH TPY COOTBETCTBYIOIINX YIMPOMIEHUIX [5].

HpeIlMeTOM HCCICAOBAHNS BBICTYIIACT MCTAIBPUCTHICC-
KUl aJITOPUTM JICTY4YHUX MBIIIIEH pemeHus oNTUMHU3alluOH-
HBIX 3a1a4.

HSJIBIO lIaHHOﬁ pa6OTI>I SABJISICTCSL YCOBCPIICHCTBOBAHUC
aJIroOpuT™Ma JICTy4uXx MBIHIeﬁ, HUCCICAOBAHUC 3¢)¢)€KTI/IBHOC-
TH €TI0 pa60r1>1 1 NPUMCHCHHUC I pCHICHUA 3a1a4 robaib-
HOH OIITUMH3aIlluH.

1 IIOCTAHOBKA 3AJAYHN

[Jana nenesast Gpynxuust f(x), onpenesieHHass Ha MHO-
KECTBE JOITyCTHMBIX pemieHuit X < R".
TpebyeTcs HallTH IM0OaTBHEIN YCIOBHBIH MHHHMYM

byukimu f(X) HA MHOXKECTBE X

f(xH)= min f(x), (1

xeXcR"

T . T
e X = (X[, X0, X,,) > X ={x| X; € [Xpin > X¥max J» § € L}

3agaga noucka MakcuMyma QyHKImH f(X) CBOAMTCS K
3ajaue MMOMCKa MHHHMMYyMa:

fG= max f(x)= -min (=f(x).

xeXcR™ xeXcR

2 OB30P JIMTEPATYPbI

AJTOPUTM JIETYYUX MBIIIEH OTHOCHTCS K OMOMHCIIUPH-
POBaHBIM aJITOPUTMaM POEBOTO WHTEIUIEKTa, KOTOPBIA OC-
HOBBIBAaeTCSl HA WX YHUKAIBHBIX 3XOJOKAIIMOHHBIX BO3MOX-
HOCTSIX. BONBIIMHCTBO BUIOB JIETYYHX MBIIIEH 00JanaroT
COBEPIIEHHBIMHU CPEICTBAMH SXOJIOKAIMH, KOTOPHIE HCIIONb-
3YIOTCSI UMH JUTSI OOHApYKEHHs TOOBIYU 1 NpensiTcTBHiA. s
9TOr0 BO BpEMs MOJIeTa OHU HMCIYCKAIOT YaCTOTHO-MOJIYIIH-
POBaHHBIE 3BYKOBBIE CHUTHAJIBI M YIABIUBAIOT 9XO, OTPayKEeH-
HOE OT OKPY)KalOIIHX O0BEKTOB M MPeAMETOB. B pasHbIX ce-
MeHCTBaxX JEeTYyYnX MBIIIEH MapamMerpbl UCITyCKaeMBIX 3BY-
KOBBIX UMITYJIbCOB PA3IUYAIOTCS, ONPEAETsisi TeM CaMbIM
CTpaTeTHH WX OXOTHI U MOBEICHUS.

PaccmaTtpuBaeMblit adropuTM JETydHX MBIIIEH B IEJIOM
SIBIISICTCS JIOCTATOYHO 3((PEKTUBHBIM, OIHAKO, KaK W JIFOOOH
JIpyroil NOMYISUOHHBIN aJITOPUTM, OH HE SIBISETCS YHH-
BepCATbHBIM METOJOM PEIIeHHUs BCEX ONTHMHU3AIMOHHBIX
3anad. {1 ycoBepIIEHCTBOBAHUS M PACIIMPEHUS] 00JIacTH
MIPUMEHEHHs aJTOpUTMa Ha JaHHBIH MOMEHT NPEIUIOKEHO
Hemano ero moaudukanuii. Tak, aBrop anroputma B 2011 .
0000IIKI ero A7 MHOTOIKCTPEMAIBHBIX ONTHMHU3aIUOH-
HBIX 3aJa4, U MOJYYHJ MHOTOKPHTEPHAIBHBIH aIrOpUTM
nerydux mbimeid (Multi-objective Bat Algorithm) [6].
Nakamura R. u ap. B 2012 . pa3paborayin OMHAPHBINA aJIro-
put™ netyunx Mbiiei (Binary Bat Algorithm) mis pemenuns
3a7la4 KOMOWHATOpPHOW onTuMu3aiuu [7]. MHorue Moau-
(buKkanuu anropuTMa JETYYHX MBIIIEH, NOTYy4aloT MyTeM
THOPHIN3ALIH KaK C Pa3IMYHBIMH MOMYISILIHOHHBIMU aJIr0-
pUTMaMH, Tak ¥ C aOCOMIOTHO IpyruMu meroaamu. Cpean
TaKUX aJlrOPUTMOB, HAIIPHUMeEP: THOPUIHBIA aJITOPHTM JIETY-
yux Mmeireit (Hybrid Bat Algorithm), kotopsiii mony4yeH
Fister I. J. u mp. B 2013 1. [8] B pe3ynsrare ruOpuaM3aiuu ¢
anropuTMoM AudhepeHInaIbHON BOTIOIUN; KOMOMHUPO-
BaHHBIH AITOPUTM JIETyIUX MBIIIEH M FAPMOHHYECKOTO TI0-
ncka, npemiokmau G. Wang u L. Guo [9] u T. .

Crnemyer OTMETUTb, YTO BapHaldi QJITOPUTMA JETYIHX
MBILIEH TPUMEHSIOTCS JUIsl PELICHUS] IIUPOKOro Kpyra 3a-
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Jlad, B YaCTHOCTH 3TO: JIIO0BIe ONTHMH3AIMOHHEIE 33aa9H, a
TaroKe 3a/1a9M KIACCH(UKAINKE U KJIacTepU3alud 0ObEKTOB,
aHanM3 JaHHBIX, 00paboTKa M300paXKeHH, HedeTKas JIOTH-
ka 1 ap. C 0030poM pa3sTHYIHBIX MOAU(HKAIMI aaropuT™Ma
U IOpUMEpPaMU €ro MPaKTHYECKOrO NMPUMEHEHHS MOXHO 03-
HakomuThCcs B [10]. Takum oOpa3zoM, paccMaTpHBaeMbIH
HNONY/ISILIMOHHBIN alrOpUTM, UHCIMPUPOBAHHBIA IIOBEIEHU-
€M JIETy4MX MBbIIIEH, NPEACTABIAET UHTEPEC Iyl JaJIbHEH-
LIMX UCCIIEAO0BAHUMN.

3 MATEPUAJIBI 1 METO/IbI

OCHOBHBIMH COCTaBJISIOIIMMH aJTOPUTMA SBIISIOTCA:
0COOCHHOCTH TEPEeMENICHUs JIETYYUX MBIIIEH B MPOCTPaH-
CTBE, U XapaKTEPUCTUKH HCITYCKAEMbIX MUMH 3BYKOBBIX CHUI-
HAJIOB.

Pabora anropurMa OCHOBBIBAETCS Ha CIEIYIOLIEH MO-
JIeNIy TIOBEJICHUS JIeTYy4nX Mbliel [4]:

1. Bce neryaue MBIIIU UCTIONB3YIOT 3XOIOKAIHIO, YTOOBI
OIIPE/ICNIATh PACCTOSTHUE, a TAKOKE pa3iniaTh emy/H00bITy U
MIPETATCTBUS.

2. Texymiee moNOXKEHHE KaXkJOH JIeTyded MbImu 0060-
3HaYMM X;, U3 HETO OHA MEpPEMEIIAETCs CIydaiiHbIM 00pa-
30M CO CKOpPOCTBIO V;. B mponecce NBHKEHHS JIeTydHe
MBIIIH MCITYCKAIOT 3BYKOBBIE CHUTHAJBI, UMEIOLIUE YACTOTY
®; ¥ TpoMKocTh A;. IIpu 3TOM OHH MOTYT M3MEHATH KaK 4a-
CTOTY, TaK U MHTEHCHUBHOCTb HCIIYCKa€MbIX MMIIYJIbCOB
r; €[0,1], B 3aBECUMOCTH OT GIM30CTH K LEIH.

3. FpOMKOCTB 3BYKOBOI'O CHMI'Hajla U3MCHACTCA OT 00Ib-
oI€ro Ha4aJIbHOI'0 3HA4CHUA AO JO0 MCHBIICTO 3aJaHHOTO

Amin'

[onoxenus Bcex JIeTy4HX MbIIIEH B Ha4albHbI MOMEHT
3aaroTes CIydalHbIM oOpa3oM. JlampHelmmee mepemere-
HYE€ KaKJIOW U3 HUX MPOHUCXOIUT COIIACHO CIEAYIOIIEeH MHT-

paIMoHHON Mpoueaype:

®; = Opyin + (Opax = Opyin ) B> @
VZ(HI) = vl(t) + (xl(t) —X) @ ®)
xl(m) _ xl(z) +vf’”), @)
e 0; € [Opin, Omax |-

Jl71s1 omipeneneHrs HOBBIX MOJOXKEHUH JIETYIHX MBIIIEH,
KaXkJ1asi M3 HUX OCYILECTBIISET JIOKAIBHBII MMOUCK B OKPECT-
HOCTH CBOETO TEKYLIEro MOJOXEHHS IyTeM CIy4aiiHOTO
OJTy)KIaHMS :

x( new)

i

=) 4 e (). 5)

OBONIOLMS apaMeTPOB, XapaKTEpPU3YIOLUIUX HUCIyCKae-
MBbI€ 3BYKOBBIE CHUTHAJIBI, OCYLIECTBIISETCS MO (opMynam:

AT — g 4O, ©)

A =0 -, U

31eCh PeKOMEH TyeMble 3Ha49eHHsI KOHCTaHT o U Y paBHsI (,9.
Cornacho (6)—(7), ¢ yBelIM4eHHEeM Yhciia UTepaiui rpoM-
KOCTh HCITYCKaeMBIX 3BYKOBBIX CHI'HAJIOB OyIeT yMEHBIIATb-
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Ci, a UX MHTCHCUBHOCTb YBCIWYMUBATLCA, MOACIINPYS 3TUM
HpI/I6JII/DK€HI/I€ JIeTy‘Ieﬁ MBI K HEIIN:

Az-m -0, rl-(t) - ri(o) IpU ¢ — 0.

ANTOPUTM JIETy4MX MBILIEH A pelIeHus 3aJlauu Iv1o-
OanpHON ontuMu3aimu (1) mpencTaBUM B BHAE CIEyOLIe-
ro IICEBJIOKO/IA:

1. MHunmanu3anms nomyssiiyy: 3aaTh Ha4ajJbHOE 110J10-
JKEHHE X; M CKOPOCTh V; KaXIOH j-OH IEeTydel MBI,

i=LN.
2. I/IHI/IL[I/IaJII/BaI_[I/IS[ XapPaKTCPHUCTHUK 3BYKOBBIX UMITYIILCOB:
3a1aTb 9aCTOTy (V;, HHTCHCUBHOCTDb /; U TPOMKOCTbH Ai JUI

Ka)KJIOH i-OM IeTydel MbIIH, =1 N .
3. Tloka ¢ < fMax

4, Ina i=1,N

5. Tlepemerienne Kax 10 i-Oi JieTyded MBIIH 1O (Pop-
Mmynam (2)—(4).

6.Ecnu rand > r;

7. BhImonHeHNE JTOKAIBHOTO MOMCKa B OKPECTHOCTH Te-
KYIIETO MOJOXEHUS MyTeM CIy4alHOTo ONyXJaHHS IO
dopmyne (5).

8. Konern ecnu.

(}’lEW)

9. Ecmu rand < A;uf (x; )< f(x)

new
10. HoBoe nonoxkeHue npuHATO xl(Hl) “«— xl( )

11. YmenpumnTs 4; 1 yBenum4uts ¥; cornacHo (6)—(7).

12. Konen eciu

13. OOHOBHTS X.

14. Konerr pist.

15. VBenmuuTh CYETUHK YMCIIA UTepaluil ¢ <— f+ 1.

16. Konen noxa.

B KaHOHMYECKOM BapHaHTE aJITOPUTMa CIy4aliHO BHIOH-
paroTCs T JIETYdre MBIIIN, KOTOPBIE OCYLIECTBIISIOT JIOKAIb-
HBIH MOWCK, B pe3y/IbTaTe KOTOPOro OOHOBIISIETCS KaXKAas M3
uX koopauHAt. YToObI MOBBICUTH 3P (PEKTUBHOCTH MOUCKA B
MHOTOMEPHOM CITydae, MOXXHO IO aHaJOTHH BBIOMPATH CIIy-
YaifHO MPOCTPAHCTBEHHBIE KOOPAWHATHI, MOIEKAILAS H3Me-
HeHmto. Takas MoauGUKaIMs MpeAnoiaraeT BHECCHHE H3Me-
HEHHM B 7 CTPOKE ajroputMa Ha CIeIyIoIIne:

o j=1,m
ecu rand > 1;

(new) _ y{old)
y J
KOHEI[ eCIIH
KOHeI ISt
Taxxe B mporecce MUTPAINH JIETyIUX MBIIIEH LIEIeco-
00pa3HO HCHONB30BaTh MH(GOPMAIIUIO HE TONBKO O TII00aIb-
HOM JTy4IlIeM pelleHUH, BEIOPAaHHOM CpelH BCEX, HO H O
JIy4dIIeM perIeHnH, HalIeHHOM KaXKJI0M JeTydel MBIIIBIO.
MonudunupyeM cnoco® BBIUMCICHUS CKOPOCTH IepeMe-
LIEHUS JIETYIUX MBIEH, UCTIONIb3Ys MOAXO0M, MPEATIOKEH-
seiid M. Clerc u J. Kennedy asist anropurma post wactai [11].
Pesynsrupyromasi CKOpoCcTh KaXKIOW JIETyded MBIIIH OIpe-
JlensieTcs CAeayIomuMi GopMyIIaMu:

+e-A()
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T —— LY O

‘2—q>— 0% —4g

Vi(z+1) _ X(V,(t)

NS CINNG

i i —f)'(,l)ia

(1)

o5& -2t e, G-y,

e ¢ = ¢y = 2,05.

IIpencraBneHHbIe MOAU(DHUKALNH TO3BOIIIIH MTOXYIHTh
6oree 3¢ (heKTHBHBIA BapHaHT aJITOPUTMA JETYIHX MBIIISH [Is
HaXOXJICHHS II00AIbHOTO MHHHUMYMa LENEBOH (hyHKIWH.

4 OKCIIEPUMEHTbBI

Jns mpoBeneHUs BBIYMCIHUTEIBHBIX HKCIEPUMEHTOB
BBIOpAH PSJI TECTOBBIX (DYHKIIMIL:
1. ®yukuus e JxoHra:

m
2
[ =% _10<x <10.
i=1

I'mo6anpHBII MHHUMYM QYHKIHH fl(x*):o npu

x =(0,0,...,0).
2. O®ynakmus PozeHOpoka:

m—1
£ =X (66 =17 4100051 =) ), s < x, <5,
i=1

I'mo6anbHBIE MHHEMYM (QYHKIHH fz(x*):o npu

x =11
3. ®ynxuus Pacrpurusa:

m
f3(x) = Z(xiz —10cos(2nx,-))+10m, 5<x <5,
i=1

I'moGanbHbIi MUHUMYM (QYHKIUH f3(x*)=0 npu

x =(0,0,...,0).
4. Oyaxums Dxu:

m m
fi(x)=20+e—20exp 7§ lzxf eXp(%Zcos(ani)j’

mi— i=1

-20<x; £20.
InoGanbHpli MUHUMYM (QYHKLUH fy (x*) =0 npu

*
x =(0,0,...,0).
Cpenu TpeCTaBIeHHBIX (QYHKIMH BHIOPAHBI KaK YHH-
MozanpHble GyHKIMK f(x) U f5(x), TaK ¥ MYJIBTUMONAIIb-

Hele QyHKIMH f3(x) 1 f4(X).

Jis wintrocTpanuy IPaKTHYECKOro MIPUMCHEHHUS aJiro-
pUTMa PAaCCMOTPHM HHXKCHEPHYIO 3a1ady ONTHMH3ALHH
KOHCTPYKLUHUH IHJIHHIPHYECKOTO COCYAa BBICOKOTO HaBIIe-
umst. LeneBast GpyHKUUS ONMpenessieT CTOMMOCTh PACXOJHBIX
MaTepHaioB, HEOOXOAUMBIX ISl €r0 U3rOTOBJICHUs. Ju3aiin
KOHCTPYKIIMH COCya OnpenersieTcss CIeAYIOIMMH ITapaMeT-
paMH: TONIINHA CTeHKH uuHApa T (x;), TommuHa chepu-

"eckoit TonoBKH T}, (X,), BHYTPEHHHI pajiyc MIHHIPHIEC-
Kol 000104KHU R (X3), IIMHA HUIHHAPUIECKOH JacTH [,(x4)
(cm. puc. 1) [12].

B pesynsrare nomydaeMm 3ajiady HEIMHEHHOW ONTHMU3ALMAN:

F(x) = 0,6224xx3x, +1,7781x,x3 +3,1661x7 x4 +19,84x%x; — min, (8)
g1(x) =—x;+0,0193x3 <0, )
gr(x) =—x5 +0,00954x; <0, (10)

g3(x) = —mxixy _gmg +12960000<0,  (11)

g4(x)=x4-240<0, (12)
x 21x0,0625, x, £99x0,0625,x3 210, x4 <200. (13)

B 3anaue (8)—(13) mepeMeHHbIE X H X, SBIAIOTCS JIHCK-
PETHBIMH BEJTUYHHAMH, KOTOPBIC JOJKHBI OBITH KpaTHBI
0,0625 B COOTBETCTBHHM HMMEIONIEHCS TOJIIIUHOM JIMCTOBOI'O
MpoKaTa CTaJH.

Jist perieHust PeACTaBICHHON 3a7a4i UCHONb3YeM Me-
Tox IITpahoB M mepeiiieM K CIemyIomel 3axade:

4
F(x)=f(x)+ Y p; -max(0,g5(x)) - min.
j=1

5 PE3YJIbTATHI

Kanonmgeckuil 1 MOIH(UIIPOBAHHBIN aITOPHTMBI pea-
nm30BaHE! B cpee MATLAB R2012b. Ilpu cpaBHeHNH pe3yib-
TAaTOB pemeHns 3a1a9n (1) KaHOHMYECKHM aJITOPUTMOM JIETy-
gyux meiiei (BA) n momadrmposanasiv (MdBA), kaskabrit
AITOPHUTM HMPAMEHSIICA JUTs KaxkoH pyHKmn 50 pa3. Mcnomns-
30BaHBI CIEAYIOMNE 3HAYCHNS KOHCTAaHT M MapaMeTpPOB:

Max = 1000, N =30, Opin =0, Oy =2, 4 =0,8,

r[(O) =rand, o =0,9, y=0,9. Tonydennsie pe3yisTarbl yis
Habopa TecTOBbIX (DYHKIIMIA PUBEICHBI B Ta0M. 1.

AJTOpUTM J€TYyIHX MBIIIEH CONEPKUT PsII BaPbUPYEMBIX
MapamMeTpoB, OT 3HAUEHHUsI KOTOPBIX, MOKET CHJILHO 3aBHCHT
ero s¢¢ekruBHoCTh. MccnenyeM 3aBUCUMOCTD 3()(hEKTHBHO-
CTH paboThl MOAM(HUIIMPOBAHHOIO aJrOPUTMA OT 3HAYCHUH

0 0
TPOMKOCTH Al( ) 1 MHTCHCHUBHOCTH r[( ) 3BYKOBOI'O CHI'HaJia.

B mepBoii cepun 3KCepUMEHTOB 3a(UKCHPOBAIH
ri(o) =0,5, a 3HaUeHHE TPOMKOCTH M3MEHSIM B JlMana3oHe

ot 0,1 1o 1 mpu m =10. B cnegyrommx sKcnepuMeHTax Io-

Jaranu Al-(o) =0,5, a UHTEHCUBHOCTh CUTHaJa U3MEHSUIH

taoke or 0,1 mo 1. Pe3yasraTsl BEIYMCIUTETHHBIX IKCIIEPH-
MEHTOB TPEJICTABIICHbI B Ta0lI. 2-3.

T

Pucynox 1 — KoHCTpyKnus cocyna BBICOKOTO JaBICHUS
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Tabmuua 1 — Pe3ynbraTsl BHIYHCIUTENBHBIX SKCIIEPUMEHTOB ISl TECTOBBIX (PyHKIMI

Jlyumiee Cpennee cpenu Xynuiee
TIOJIy4€HHOEC TIOJIy4Y€HHBIX IOJIy4€HHOC
Oynkuus | PazMepHOCTb IpocTpaHcTBa, M1 | AJITOpUTM 3HA4YEHUE 3Ha4YCHUH 3Ha4YEHHE
LeJIeBOM LIEJIEBOM 1EJIEBOM
dyHKIHH byHKIHH dyHKUNH
5 BA 7,5366e—03 3,9121e-01 1,3720e+00
MdBA 1,7115e-10 4,7063e—09 3,6887¢—08
£(x) 10 BA 4,3757¢-01 1,8943¢+00 4,0154¢+00
1 MdBA 1,0420e—07 5,1940e—07 1,7923¢-06
2 BA 2,2767¢+00 5,6863e+00 9,1286e+00
MdBA 1,5330e-06 7,8947¢-06 2,5199¢-05
s BA 2,8084¢+00 3,2013e+01 1,0299¢+02
MdBA 2,5161e-06 2,3596e-01 3,9309¢+00
10 BA 5,8462¢+01 2,2555¢+02 5,6098¢+02
L) MdBA 3,4659¢-03 8,7276e—01 9,6060e+00
BA 1,6786¢+02 8,7887¢+02 1,7818¢+03
20
MdBA 7,0456e+00 1,1763¢+01 1,9499¢+01
BA 6,0018¢+00 1,6457e+01 2,7852e+01
5
MdBA | 3.8424e01 2,3481e+00 6,9647¢+00
) 10 BA 3,3129¢+01 5,3871e+01 7,2348¢+01
3 MdBA 1,9900e+00 6,7658¢+00 1,5919¢+01
BA 1,0428¢+02 1,4207¢+02 1,6817¢+02
20
MdBA 5,9703¢+00 1,7632¢+01 3,6819¢+01
s BA 5,7667¢—01 2,3916e+00 3,8869¢+00
MdBA 1,8981¢—05 3,3047e-02 1,6462¢+00
e 10 BA 2,0987¢+00 3,2280e+00 4,0536¢+00
X
4 MdBA 3,7299¢—04 2,4011e-02 1,1552e+00
BA 2,6300e+00 4,2518e+00 3,5454e+00
20
MdBA 1,5550e—03 2,1306e-01 2,1712¢+00

Ta6m/ma 2 — 3aBHCHMOCTh pemeHust OT Ha4aJIbHOI'oO 3Ha4Y€HUsI TPOMKOCTU CUT'HaJIa

0
A9

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

£ 7,96e-08 8,45e-08 1,10e-07 1,26e-07 1,57e-07 1,58e-07 1,69¢-07 2,18e-07 2,09¢-07 2,51e-07

f(x) 1,21e+01 6,28¢+00 | 9,73e+00 | 8,11e+t00 | 6,97e+00 | 4,85¢+00 | 3,97e+00 | 3,71e+00 | 5,35e+00 | 4,95¢+00

£ 6,94e+00 | 9,35e+00 | 9,55¢+00 1,01e+01 1,23e+01 1,29¢+01 1,53e+01 1,54e+01 1,47e+01 1,70e+01

fa(x) 3,48¢-04 3,76e-04 | 4,20e-04 | 4,45¢-04 4,63¢-04 | 4,78¢e-04 5,16e-04 5,63e-04 2,36e-02 9,68e-02

Taﬁnﬂua 3 — 3aBHCHMOCTh pemeHusA OT Ha4aJIbHOI'O 3HAYCHUA MHTEHCUBHOCTH CHUI'HAJIa

0

T

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

fl (x) 2,18e-07 1,97e-07 1,75e-07 1,57¢-07 1,41e-07 5,41e-07 5,06e-04 8,84e-02 1,36e+00 1,19¢+01

f2 (x) 8,77e-01 9,63e-01 7,90e-01 1,56e+00 | 5,84e+00 1,67e+01 2,65e+01 1,47e+02 | 3,89¢+02 | 4,27e+03

f3 (x) 1,74e+01 1,29¢+01 1,19¢+01 1,18e+01 1,47e+01 1,33e+01 1,21e+01 2,80e+01 4,98e+01 6,74e+01

f4 (x) 1,20e+00 | 2,22e-01 1,70e-01 6,38e-02 5,11e-04 3,38e-02 9,47e-02 1,65e+00 | 3,77¢+00 | 5,19e¢+00

PaccMmorpyM M3MeHeHHE 3HAuCHHsI 11EeJIeBOM (DYHKIIMU B MouduIMPOBAHHBIA AJITOPUTM JIETYYHX MBILICH MPH-
mpolecce MoucKa dKcTpemyMma it yHKumid Pactpuruaa u MeHeH ISl peleHust 3a/1a41 O Au3aiiHe cocyla BBICOKOrO JaB-
DKJIM, COOTBETCTBYIOIIKME Tpaduul MpUBEICHBI HA pHC. 2. nenust (8)—(13) u modydeHo cremyrolnee JTydlliee pelieHue:

B kaHOHHYECKOM M MOAMGHUIMPOBAHHOM aITOPUTMAX II0-
naranu m=10, u ¢ ydeToM pe3ynbraToB Tabm. 2-3

A9 =035, 10 = 0,4. X =(0,8125, 0,4375, 42,0984440172, 176,6366206192).

F(x")=6059,1316103768,
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Pucynok 2 — I'padyky u3MeHeHHs 3HaUSHUH QyHKIUU:
a — Pacrpuruna, 6 — Oxim

6 OGCYKJIEHHE

Pe3ynbrarsl BEIYHACITUTENBHBIX YKCIIEPHMEHTOB MOKA3aJIH,
9TO MOAU(PHUIMPOBAHHBIN AITOPUTM JIETYIHUX MBIIICH SBIIS-
ercsi Oonee 3 (HEKTUBHBIM MO0 CPABHEHHIO ¢ KAHOHUYECKUM
BApPHAHTOM ISl PEIICHHS 3a[aull TI00ATbHON ONTHMHU3ALIHH.
I'paduku M3MEHEHUS 3HAYCHHI I[EIE€BOM (PYHKIMH MOKa3a-
JIY, 94TO MOTU(DHUIIMPOBAHHBIA aJTOPUTM XapaKTEPU3YETCsI
Goree BBICOKOH CKOPOCTBIO CXOMMMOCTH W TOYHOCTBHIO Ha-
XOXKJICHHSI ONTHMAIbHOrO 3HadeHusi. Hemocrarkom momudu-
[MPOBAHHOTO aJITOPUTMa SBIISICTCS. BPEMSI €T BBIMOIHCHUS,
KOTOpOE OONbIIEe BPEMEHH BBIMOIHEHHS! KAHOHUYECKOTO ajl-
ropurMma. MccnenoBana 3aBUCHMOCTh 3()()EKTHBHOCTH MO-
(UIUPOBAHHOTO AJITOPUTMA OT TAKUX IapaMETPOB alro-
pUTMa Kak IPOMKOCTh W MHTCHCHBHOCTH 3BYKOBOTO CHTHAJIA.
MOKHO clieaTh BBIBOJ, YTO BIMSHHE JaHHBIX [IapaMETPOB
CHJILHO 3aBHCHT OT BHa liejieBoi (yHkimu. [Tostomy ontu-
MallbHBI€ 3HAYEHUS TPOMKOCTH M MHTEHCMBHOCTH CHIHAJIA
JIOJDKHBI BHIOMPATHCS B KAJKIOM KOHKPETHOM Cllydae WHIM-
BUJyaJIbHO, IIPH 3TOM OTIIPABHBIMH MOIYT OBITh TaKHME 3Ha-

werms: A% =0,25..0,35, ¥ =0,3...0,4.

Pemennem 3agaun 0 MUHMMH3aIMH PAcXoJoB Ha U3rO-
TOBJIEHHE COCYIa BBICOKOTO JABIEHHs 3aHHUMAINCh MHOTHE
aBTOPBI, IPUMEHsIS pa3ndHble MeToabl. ComocTaBieHne
pe3yAbTaTOB pEIIeHUs] JaHHOW ONTHMHU3AIMOHHON 3a/1a4uu
MPEUIOKEHHBIM MOAN(UIMPOBAHHBIM aJITOPUTMOM JIETY-
YUX MBIIIEH C HEKOTOPBIMH YK€ M3BECTHBIMU pE3YJIbTara-
MH MPUBEICHO B Ta0I. 4.

VI3 maHHBIX, IPE/ICTABIEHHBIX B Ta0I. 4 BHAHO, YTO JIyd-
IIMe pe3yisTaTsl IpH perreHnd 3agadn (8)—(13) momydensr ¢
HCIIONB30BAHNEM MOMYISIUOHHBIX alTOPUTMOB. 3HaYCHHE
HeneBo (GyHKIHMHM, TOTydeHHOE MOXU(DHUIPOBAHHEIM al-
TOPHUTMOM JIETYYUX MBIIIEl MeHbIIe 3HAYCHUH, MOIydeH-
HBIX MHOTHMH JPYTHMH alITOPUTMAaMH, HUCIIONb3YIOIIMH
HIPUHIUIEI POSBOr0 MHTEIEKTa. DTO CBHJETEIBCTBYET 00
3¢ GEKTHBHOCTH NpeANIoKeHHOTo anropurMa. OpHako, Ha
CETOMHAIIHMI IeHb M3BECTHBI HOBBIC PE3YIBTATHI C JIYUIINM
pellleHneM, HalpuMep, HaiJeHHOe aITOPHTMOM CEpBIX BOI-
koB [20]. Tem He MeHee, MOAN(UIIMPOBAHHBIH aITOPUTM
JIETYIHX MBIIMIEH SABISETCA TOCTATOYHO KOHKYPEHTOCHOCOO-
HBIM JJIS pelIeHHs NPAKTUYeCKUX 3ajad M Ipearonaraet
JaTbHEeHIIee pa3BUTHE.

BbIBO/JIbI

B pabore paccMoTpeHa 3aj1aua HaXOXACHHS T00ATBHO-
ro0 MHHHMYyMa LIeNeBOi (pyHKIMM TP TOMOIIN alropuTMa,
WHCIUPHUPOBAHHOTO TMOBEACHUEM JIETYYHX MBIIIEH, KOTO-
PBIH OTHOCHTCSI K aJTOPHTMaM POEBOTO MHTEIICKTA.

KanoHnndecknii anropuTM JIETy4nX MBIIIEH YCOBEpIIEH-
CTBOBAH 3a CUET MIPUMEHEHHS METOIMKH aJrOpUTMa posi da-
CTHI] JUIsl BBIYMCIICHUS] CKOPOCTU JABWKEHHUS areHTOB. Pe3ynb-
TaThl BBIYHUCIUTEIBHBIX HKCIIEPHMEHTOB MOKA3ald, YTO MO-
nuGUUMPOBAHHBIA  aJITOPUTM  JIETYYHX  MBIIICH
XapakTepusyeTcsi 0oiee BBICOKOH CKOPOCTHIO CXOAUMOCTH
U TOYHOCTBIO HAXOKJIEHHS ONTHUMAJIBHOTO 3HAYEHHs IIeie-
BOM (pyHKIIHH.

Tabmuma 4 — Pe3ynbrarsl pemenus 3a1aqi O An3aiiHe COCya BHICOKOTO TaBIICHHUS

ABTOpBI Meron f( x*)
E. Sandgren (1988) [13] Meroj BeTBel M IpaHuIL 8129,1036
B. Kannan, S. Kramer (1994) [14] Meron MHOXKUTENEH Jlarpanxka 7198,0428
Q. He, L. Wang (2007) [15] AJITOPHUTM pOsI JacTHIL 6061,0777
E. Mezura-Montes u ap. (2007) [16] MoaudunupoBanHslii MeTox HudhepeHIIHaILHON YBOIIONIH 6059,701660
L. Cagnina u zp. (2008) [12] AJITOpPUTM POst YaCTHUIL 6059,714335
H. Bernardino u ap. (2008) [17] T'eneTnueckuii anropuT™, CKpEIIEHHBIN C aITOPUTMOM UCKYCCTBEHHOI

o 6059,85
uMMyHHOH cuctembl (GA-AIS)

A. Kaveh, S. Talatahari (2010) [18] MypaBbHHBIIl AITOPUTM 6059,7258
B. Akay, D. Karaboga (2012) [19] AJITOPUTM MCKYCCTBEHHOM ITUETUHON KOJIOHUH 6059,714339
S. Mirjalili u mp. (2014) [20] AIITOPUTM CepBhIX BOIKOB 6051,5639
Jlannas pabora Moau$puuupOBaHHBIN AITOPUTM JIETYUHX MbILICH 6059,131610

101



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

[Ipn moMonty MOANGUIMPOBAHHOTO AJTOPHTMA pPele- 9. Wang G. A Novel hybrid bat algorithm with harmony search for
Ha TPaKTHYECKas 3a/a4a O MUHAMH3AllMK PACXOIOB Ha W3- global numerical optimization / Gaige Wang, Lihong Guo // Journal
TOTOBJICHHE COCYIa BBICOKOTO jaBiieHns. Haiinernoe peme- of Applied Mathematics : Hindawi Publishing Corporation [Duek-
TpoHHBIN pecypc]. — Vol. 2013. DOI: 0.1155/2013/696491.
HHE SIBJIIETCS OJHHUM U3 JIYYIINX, CPEIN MHOIMX BapHaHTOB

. 10. Yang X. S. Bat algorithm: literature review and applications /
PCUICHHH, TIOMYHCHHBIX JIDYTUMU aBTOPAMI € HPHMCHCHH- Xin-She Yang, Xingshi He // International Journal of Bio-Inspired

M PasJITTHBIX TOMYISIHOHHBIX alTOpUTMOB. Computation. —2013. - Vol. 5. — Ne 3. —P. 141-149. DOI:10.1504/
TakuM 00pa3om, MPeIIOKEHHBIH MOIU(PHINPOBAHHBINA 1UBIC.2013.055093.

AITOPHUTM JIETYYHX MBIIEH sBIsieTcs 3P (HEeKTHBHBIM METO- 11. Clerc M. The particle swarm — explosion, stability, and convergence

JIOM TIOHFICKA 3KCTpeMyMa IelIeBOH (YHKINH TI000H CIIOXK- in a multidimensional complex space / M. Clerc,

HOCTH. YUHTBIBAsl YHUBEPCAIBbHOCTh M NPEUMYIIECTBA JaH- J. Kennedy // IEEE Transactions on Evolutionary Computation. —

HOTO ANTOPHTMA, MATBHEHIITHE HCCTEIOBANNS OYIyT HAIle- 2002. — Vol. 6. — Ne 1. — P. 58-73. DOL:10.1109/4235.985692.

12. Cagnina L. C. Solving engineering optimization problems with
the simple constrained particle swarm optimizer / L. C. Cagnina,
S. C. Esquivel, C. A. C. Coello // Informatica. — 2008. — Vol. 32,
Ne 3. — P. 319-326.

JICHBI Ha €ro nNpuMEHCHHWEC B MCTOAAX KJIaCTCpU3alUH, B
YaCTHOCTHU JId k-means.

CIUCOK JIMTEPATYPbI 13. Sandgren E. Nonlinear integer and discrete programming in

1. Kapnenxko A. I1. CoBpeMEHHbIE aJTOPUTMBbI TOUCKOBON ONTHMH- mechanical design / E. Sandgren // Proceedings of the ASME
3anun. AITOPUTMBI, BJIOXHOBJICHHBIE IPUPOOH : yueOHOE 1OCOo- Design Technology Conference : Kissimine. — 1988. — P. 95—
oue / A. II. Kaprieako. — Mocksa : U3narensctBo MI'TY um. 105.

H. D. Baymana, 2014, — 448 c. 14. Kannan B. An augmented Lagrange multiplier based method for

2. Cy66orin C. O. HeirepaTuBHi, €BOMION|HHI Ta MyJIGTHATEHTH] Me- mixed integer discrete continuous optimization and its applications
TO/M CHHTE3y HEYITKOJNONYHMX i HEHPOMEPEKHUX Mojienell : Mo- to mechanical design / B. Kannan, S. N. Kramer // Journal of
norpadis/C. O. Cy66orin, A. O. Omniitauk, O. O. OniiiHuK ; i 3ar. mechanical design. — 1994. — Vol. 116, Ne 2. — P. 405-411.
pen. C. O. Cy66otina. — 3anopixoks : 3HTY, 2009. — 375 c. DOI:10.1115/1.2919393.

3. Kapnenko A. I1. [lonynsuioHHbIE aNITOPUTMBI NIOGATBHOM MOUC- 15.He Q. An effective co-evolutionary particle swarm optimization
KOBO# ontumu3aii. O630p HOBBIX M MAJIOM3BECTHBIX AJITOPHT- for constrained engineering design problems / Qie He, Ling Wang
MoB / A. T1. Kapnienxo // Tlpunoxenue K xypraiy «Audopmanu- // Engineering applications of artificial intelligence. — 2007. —
oHHBbIE TexHonorum». — 2012. — Ne 7. — C. 1-32. Vol. 20, Ne 1. — P. 89-99.

4. Yang X. S. A new metaheuristic bat-inspired algorithm / 16. Multiple trial vectors in differential evolution for engineering design
X. S. Yang // Nature Inspired Cooperative Strategies for / Mezura-Montes E., Coello Coello C. A., Veldzquez-Reyes J.,
Optimization (NICSO 2010). — 2010. — Vol. 284. — P. 65-74. Munoz-Dgvila L. // Engineering Optimization. — 2007. —

5. Yactukoa B. A. Anroput™ neTyunx MblILei JUIsl pelieHus 3a1auu Vol. 39, Ne 5. — P. 567-589.
mo6anbHoi ontuMusanuy / B. A. Yactukosa, E. ®. HoBukosa / 17. Bernardino H. S. Anew hybrid AIS-GA for constrained optimization
Hayunsle Tpynsl KyoI'TY (a1eKTpoHHBIH ceTeBoi monureMar- problems in mechanical engineering / H. S. Bernardino,
4eckHil sxypHan) [DaeKTpoHHEIH pecype]. — Ne 2. — 2015. — Pe- H. J. C. Barbosa, A. C. C. Lemonge, L. G. Fonseca // Congress on
xuM joctyna : http:/ntk kubstu.ru/file/348. Evolutionary Computation (IEEE World Congress on

6. Yang X. S. Bat algorithm for multi-objective optimization / Computational Intelligence), 1-6 June 2008. — P. 1455-1462.
X. S. Yang // International Journal of Bio-Inspired Computation. — DOI:10.1109/CEC.2008.4630985.

2011. — Vol. 3, Ne 5. — P. 267-274. DOI:10.1504/ 18. Kaveh A. An improved ant colony optimization for constrained
1JBIC.2011.042259. engineering design problems/A. Kaveh, S. Talatahari / Engineering

7. M BBA: a binary bat algorithm for feature selection / [Nakamura Computations. — 2010. — Vol. 27, Ne 1. — P. 155-182.

R., Pereira L., Costa K. and other] // Conference on graphics, 19. Akay B. Artificial bee colony algorithm for large-scale problems
patterns and images (25th SIBGRAPI), August 22-25, 2012 : and engineering design optimization / Bahriye Akay, Dervis
IEEE Publication. — P. 291-297. DOI:10.1109/ Karaboga // Journal of intelligent manufacturing. — 2012. — Vol. 23,
SIBGRAPL.2012.47. Ne 4. — P. 1001-1014.

8. Fister L. J. Ahybrid bat algorithm /1. J. Fister, D. Fister, X. S. Yang 20. Mirjalili S. Grey wolf optimizer / S. Mirjalili, S. M. Mirjalili,
// Electrotechnical Review. — 2013. — Vol. 80, Ne 1-2. — P. 1-7. A. Lewis // Advances in engineering software. —2014. — Vol. 69. —

P. 46-61.

Cratbs mocrynuia B peaaxmuio 03.09.2015.
Iocne nopaborku 11.10.2015.
Kpacnomumk H. O.
Kanz. TexH. HayK, TOLUEHT Kadenpu NpHKIaaHOI MaTeMaTHKy Ta iH(opMaTuky YepKkachbKoro HaliOHaIBHOTrO yHiBepcuTeTy iMeHi bormana
XmenbHUIIBKOTO, Yepkacu, Ykpaina
PO3B’SI3YBAHHSA 3AJIAUI INIOBAJIBHOI ONTUMI3ALIIL MOAU®IKOBAHUM AJITOPUTMOM KAKAHIB
VY po6oTi pO3MISHYTO AITOPUTM KaXKaHIB JJIs1 PO3B’sI3yBaHHS 3a1adi mobanbpHOl onTuMizalii. JlaHuii MeTaeBpUCTUYHMIL arOPUTM BiHO-
CHTBCSI JI0 QJITOPUTMIB POHOBOTO IHTENEKTY, sIKi IHTCHCHBHO PO3BHBAIOTHCA B OCTaHHI POKH. MeTOI0 poOOTH € YJOCKOHAICHHS alrOpUTMY
Ka)kaHiB, JOCIIKeHHS e(heKTHBHOCTI HOro pOOOTH 13aCTOCYBAHHS [UIs pO3B sI3yBaHHS ONTUMI3AI[IMHIX 3a/1a4. 3apOIOHOBaHO MOTU(IKOBAaHUI
BapiaHT KAaHOHIYHOTO AJTOPUTMY, B SIKOMY JJIsi OOUHCIICHHS MIBUJIKOCTI PyXy Ka)KaHiB 3aCTOCOBaHA METOMKA aIrOPUTMY OO 4acTok. [IpoBe-
JIEHO O0YHCITIOBAIIbHI EKCIICPHUMEHTH 3 TIOPIBHSHHS TOYHOCTI 1 IIBUIKOCTI 301KHOCTI KAHOHIYHOTO Ta MOAX(IKOBAHOTO anroputMis. Beranosite-
HO, 1110 3aIIPONOHOBAHHUH BapiaHT aNropuTMy € OUTbII epEKTUBHUM MPH 3HAXOKEHHI NI00ATBHOIO MIHIMyMY YHIMOAQJIBHHUX 1 MYJIBTHMOIAIb-
HHUX TeCcToBUX (PyHKIIiH. JlocmikeHo 3anexHICTh eheKTUBHOCTI poOOTH MO (IKOBAHOTO aIrOPUTMY Ka)KaHIB Bijl 33JaHUX mapameTpis. B skocri
BapiifoBaHMX MapaMerpiB 0OpaHi MOYAaTKOBI 3HAYECHHS TYYHOCTI Ta IHTEHCHBHOCTI 3BYKOBOTO CUTHAIY, 110 BUIIYCKA€ThCS KaxkaHaMu. Moaudi-
KOBAaHHI aJrOpUTM 3aCTOCOBAHUIA JJIs PO3B’sI3aHH IPAKTUYHOI 3a/1a4i MiHIMI3aLlii BAPTOCTI BUTPATHUX MaTepialliB, HEOOXIAHUX IJIS1 BUTOTOB-
JIGHHS TIOCYIMHU BHCOKOTO THUCKY. IIpOBe/IeHO CITIBCTAaBJICHHS OTPUMAHOTO PO3B’SI3KY JaHOI ONTHUMI3aLiiHOI 3a/a4i 3 pe3ynbraTaMy iHIIHX
aBTOPIB, SIKI BUKOPHCTOBYBATH SIK KJIACHYHI, TaK i HOMYJISILIHHI aJITOPHUTMU.
Kaio4oBi cjioBa: anroputM KaxkaHiB, HOMYJSIIAHUN alrOPUTM, POHOBHIA IHTENEKT, mI00aibHA ONMTHMI3ALis.
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Krasnoshlyk N. O.

PhD, Associate professor of department of informatics and applied mathematics, Bohdan Khmelnytsky National University of Cherkasy,
Cherkasy, Ukraine

AMODIFIED BAT ALGORITHM FOR SOLVING GLOBAL OPTIMIZATION PROBLEM

In this paper we consider a bat algorithm for solving the problem of global optimization. This metaheuristic algorithm applies to swarm
intelligence algorithms, which are developing rapidly in recent years. The aim of the work is to improve the bat algorithm, study its efficiency
and application for solving optimization problems. A modified version of the algorithm in which to calculate speed of the bats used the
technique of particle swarm optimization is proposed. The computational experiments have been conducted to compare the accuracy and the
speed of convergence of the canonical and the modified algorithms. It was found that the proposed version of the algorithm is more effective
in finding the global minimum of unimodal and multimodal test functions. The dependence of the efficiency of modified bat algorithm from
the set parameters is investigated. As variable parameters chosen initial values of the loudness and pulse emission rate emitted by bats. The
modified algorithm is applied to solve practical problem of minimize the cost of pressure vessel design. The comparison of the solution of the

optimization problem with the results of other authors who used both classical and population algorithms was conducted.
Keywords: bat algorithm, population algorithm, swarm intelligence, global optimization.
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JleBuH B. U.

[-p mexH. Hayk, npogheccop kaghedpbl mamemamuku [1eH3eHCKo20 20cydapCmeeHHO20 MexXHOI02U4YeCcK020 yHU8epcumema,
lMeH3a, Poccusi

onTMMnU3AUUA B YCNOBUAX HEOMNPEAENEHHOCTU METOAOM
AETEPMUAHU3ALIUA

B crarthe pacCMOTpPEHBbI CYHIECTBYIOUIME MOAXOAbl K ONTUMHU3aANUU (OHTI/IMaJ'ILHOMy HpOCKTHpOBaHI/IIO) CHUCTEM B YCJIOBUAX
HEONPEACICHHOCTH. IIaHa TOYHas IIOCTaHOBKaA 3aJa4Hn yCﬂOBHOﬁ ONTUMHU3ALINU IPU HHTCpBaHLHOﬁ HEONPEACIICHHOCTH ITapaMeTpPOB 1IeJIEBOM
quHKI_II/II/I u OFpaHHqCHHﬁ. B cBsA3U ¢ 3THM U3JI0XKEHBI MaTeMaTHYeCKas TEOpHUsl CPAaBHEHUSI MHTCPBAJIOB, BKJIIOYAIONIast TOYHOE ONpEACICHUEC
MaKCUMaJIbHOI'O U MUHUMAJIbHOI'O UHTEPBAJIOB, YCJIOBHUS CYLICCTBOBAHUS TaKUX HHTEPBAJIOB U aJITOPUTMbI UX OTbICKAHUSL. Hpennoxceﬁa naes
pemeHus 3aaadu yCHOBHOﬁ onTUMH3aluu IIpU HHTCpBaJ’ILHOﬁ HEONPEACICHHOCTH €C ITapaMeTpOB. Orta naes OCHOBaHa Ha IIpaBUIIaXx
MaTeMaTu4eCcKon TEOpHUU CpaBHCEHHUsI WHTEPBAJIOB, IO3BOJIAIOMNX 3aMEHUTHh CPABHCHUE HUHTEPBAJIOB U BBIJACICHHE MAaKCUMaJIbHOI'O U
MHUHHUMAJIbHOI'O UHTEpBaJia CPABHCHUEM UX HWI)KHUX U BEPXHUX I'DAHULIL. Ha 6asze HpC,HJ'IO}KCHHOI\/'I nacu C(bOpMy.]'[HpOBaH 1 000CHOBaH METO
JACTEpMUHU3A NN, MO3BOJISIO I pemunTh 3a1avy yCHOBHOﬁ onTUMHU3alUU IpU HHTCpBaJ'ILHOﬁ HEONPEACICHHOCTHU ITapaMETPOB MYTEM €€
CBCICHUS K IBYM ITOJIHOCTBIO OIIPEACIICHHBIM 3a/JadaM ONTUMHU3allMU TOI'O K€ TUIIA. C(bopMmepOBaHa 1 J10Ka3aHa TeopeMa, onpeacisironiast
peuieHue 3agauu yCJ'IOBHOI\/'I onTUMHU3allu B YCIOBUAX HHTCpBaJ’ILHOﬁ HEONPEACIICHHOCTH MapaMETPOB 4Y€PE3 PCUICHUS ABYX YKa3aHHBIX
TIOJIHOCTBIO OITPEACIICHHBIX 3a/1aY OIITUMU3AlIUU. Taxoxe cd)opMyanOBaHa 1 10Ka3aHa TeopemMa, ornpeacisironias HCOGXOHI/IMOC U 10CTAaTOYHOE
YCJIOBUE CYLICCTBOBAHHUS PCUICHUS 3aJa4u yCHOBHOﬁ onTUMU3anyu npu HHTCpBaJ’ILHOﬁ HEONPEACICHHOCTH. HOCTpOCH ‘ICTLIpCXI_[IaFOBLII\/'I
AJITOPUTM pELICHUS 3a1adu yCHOBHOﬁ OnTUMHU3alUU IIpU HHTCpBaJ’ILHOﬁ HCEOINPEACICHHOCTHU IIapaMETpOB, KOTOpLIﬁ peaiim3yeT METOA
JACTEpMUHU3AL . HpI/IBCHCH npumep paGOTLI ajropuTrMma; B KauecCrBe pCH_IaCMOI\/'I 3aJauun BLIGpaHa HUHTEpBajIbHAas 3aadya O Ha3HAYCHUSAX.
HpOBCHCHO CpaBHEHUE U3JI0KEHHOTI'O ITOAXO0Aa K pCHICHUIO 3a/1a4 yCHOBHOﬁ ONTUMHU3AUHU C HEIIOJTHOCTBHIO OIIPEACIICHHBIMU ITapaMeTpaMu €
ApPYruMu METOJaMHu PCIICHHUS TaKuX 3aja4 (,HCTCpMI/IHI/IpOBaHHBII\/'I, BCpOS[THOCTHLII\/'I n HC‘ICTKI/II‘/’I). Vka3aHbl IOCTOMHCTBA U HEIOCTaTKUA
pa3IM4HbIX METO10B. HO,H‘ICpKHyTO, 4qTo HpC,H.]'IO}KCHHLII\/'I moaxo Mmo3BOJISIET CBOAUTH ONITUMU3AIUIO HETIOTHOCTBHIO OIPEACICHHBIX dJyHKI_II/Iﬁ
K ONTUMHU3AIUU ITOJHOCTBIO ONPEACIICHHBIX dJyHKI_II/Iﬁ CTPOTO0 MAaTEMATUYCCKH, a HE OBPUCTUYCCKHU, KaK 3TO ACJIACTCSA B APYIUX U3BECTHBIX
noaxogax.

KnoueBbie ciioBa: onTuMu3anys, HeOnpeACICHHOCTh, ONITUMHU3alus IIPU HHTCpBaHLHOﬁ HEONpPEACICHHOCTH, METOA ACTCPMUHU3 AU,

HOMEHKJIATYPA

X{5..., X,, — BEIIIECTBEHHBIC HE3aBUCHMEIC IIEPEMEHHEIE;
Y — BelIeCTBEHHAsl 3aBHCHMasi NIepeMEHHAS;

F,F|,F, — netepMHUHHPOBaHHBIEC LieNeBbIe ()yHKIUM;

K TeM 3aJa4aM ONTHMH3alUH, B KOTOPBIX ONTUMH3HpyeMasi
(GYHKIUS M3BECTHA TOYHO (JIETEpMHHHPOBaHA). MexXIy TeMm,
BCTpEUAIONIMECsS Ha MPAaKTHUKE 3aJadd ONTHMHU3AIUH U OIl-
THMAJIBHOTO MPOEKTUPOBAHHUS TAKOBBI, YTO MX ONTHMH3H-
pyeMble (DYHKIMH OOBIYHO U3BECTHHI HE TOYHO, & C TOW WIH
WHOM CTENEHbI0 HEONPENeICHHOCTH (HEICTEPMUHUPOBAHBI).
OT0 0OBIYHO BBI3BIBAETCS TEM, YTO 1) peasbHBIM MPOIIEC-
caM CBOWCTBEHHA €CTECTBEHHAs HEONPEACICHHOCTh; 2) ma-
paMeTpsl OONBIIMHCTBA CHCTEM HM3-32 IOTPENTHOCTH BBIYHC-
JieHuH (M3MEpEeHHiT) H3BECTHBI HETOYHO; 3) MapaMeTpbl MHO-
THX CHCTEM H3MEHSIOTCS BO BPEMEHHU.

B cBs3u ¢ 3THM, BO3HHKaeT mpodiemMa ONTHMHU3AIHNU
HEMOJIHOCTHIO ONPENeNeHHBIX (HeJeTepMUHUPOBAHHBIX )
¢bynkiuid. JlaHHas npobiieMa JOCTATOYHO CIIOXKHA, TI0 CpaB-
HEHUIO C TPAJWLMOHHON ONTHMH3AIME MOTHOCTHIO OTpe-
JICNICHHBIX (IETEPMHUHUPOBAHHBIX) (DYHKIWH, MTOCKOIBKY IS
Hee JIOTIOJIHUTENIbHO Heo0X0auMo: 1) 0000UUTh MOHSATHE
9KcTpeMyMa (YHKIUH;, 2) BBISICHUTH YCIOBHS CYILIECTBOBA-

a,a;,b,b; — BelecTBEHHBIC YHCIIA;

@D, D, D, — neTepMUHIPOBAHHBIEC (DYHKIMH OrpPaHIYCHHUIT;
F= [F,F,] — uHTepBaibHad LeeBas QynKuus;

@ = [@;,D,] — vHTepBaNbHbIE QYHKIMH OrpaHMYEHMI;
a=[a,ay], b= [by,b,] — MHTEpBANBHBIEC YHCITA;

P =[p1>P21,4 =[g1,9>] — vHTEpBaIBHBIC TADAMETPEI;
v — CHMBOJ JIU3BIOHKIUH (B3STHS MaKCUMyMa);

A — CHMBOJI KOHBIOHKIIMH (B3ATHS MHHAMYMA);

M — CHMBOII MEPECEUCHUS MHOXKECTB.

BBEJEHUE

3a;[aq1/1 OINITUMHU3AONH UMEIOT OTPOMHOC NPHUKIIATHOC

3HauY€HHe: HA WX OCHOBE CTPOATCS METONBI ONTHMAJIbHOTO
MIPOEKTUPOBAHUS Pa3HOOOPA3HBIX CHCTEM — TEXHUYECKHUX,
HKOHOMHYECKHUX, COUMAIBHBIX U T.A., 00ECIIECYNBAIOIINE J10-
CTIDKECHHE HAWITYYIIEeTo, B ONPENEIICHHOM CMBICTE, PEe3Yilb-
TaTa paboThl CO3/1aBaeMOi CHCTeMBbl. B CBsI3M ¢ 3TUM K Ha-
CTOSIIIIEMY BPEMEHH YK€ CO3/IaHO OIPOMHOE YHCIIO METO-
JIOB peUIeHHUs 3a7a4d ONTUMHU3ALMH, KAK YHUBEPCAIbHBIX,
paccUMTaHHBIX Ha IPUMEHEHHE K 3a7[auaM Pa3IMIHBIX KJIac-
COB, TaK M CIEIHATN3UPOBAHHBIX, TTO3BOISIOMINX (P dexTrB-
HO pemiaTh JIUIIb OT/eNbHBIE y3KHe Kiacchl 3anad [1-6]
(cM. Taxoke paboThl aBTOpa MOciaeaHuX JieT [7—12]).

Ho npu BceM pa3nuuuyl CyIIECTBYIOLIUX METOAOB, OHU
Bce 00J1a/1at0T OOIIMM CBOMCTBOM — MPUMEHHUMOCTBIO TOJBKO
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HUS SKCTpeMyMa (YHKLHUH, CBS3aHHBIE C €€ HeleTePMUHH-
pOBaHHOCTBIO; 3) pa3palboTarh CrenuaibHbIe METOJbI I10-
HCKa DKCTpeMyMa TaKHX (DyHKIHIA.

PeanpHO 2Ta mpobnema emie ciokHee, MOCKOIbKY HMe-
romascs uHGopmanus 00 ONTUMHU3UPYEeMOH (QYHKIIMH MO-
XKeT OBITh HE TONBKO HETONHOCTHIO ONMpENesIeHHOH, HO U
HEOJIHO3HAYHOW, HETOYHOH, MPOTHBOPEUYNBON U T.4. B Ta-
KOI CHTyallull HEKOTOpBIE aBTOPHI CUMTAIOT, YTO MOAENH IS
OMHMCAaHMS CIOKHBIX CHCTEM MOTYT OBITH CMBICIOBBIMH,
HOCSAIIMMH COJIepKaTeIbHO-OMUCATENbHbIN, CIOBECHBIN
xapakrep. Takol B3IVISiA MPENCTABISETCS HE BIOIHE JIOTHY-
HbIM. [lelicTBUTENBHO, MaTEMaTHKa, KaK W3BECTHO, CTPOHTCS
KaK TOJTHOCTBIO OMpEAeNIeHHAs!, OMHO3HAYHAs, TOUHAsI U He-
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poTUBOpeYrBas Hayka. IlosToMy mpaBUIbHOE IPUMEHEHUE
MaTeMaTUKU K OMMCAHUIO CIOXHBIX CUCTEM — HEOIPEIENIEH-
HBIX, HEOAHO3HAYHBIX, HETOUHBIX IIPOTUBOPEUUBBIX U T.J. —
BIIOJIHE MOKET JaBaTh aJieKBATHbIE MAaTEMaTU4YECKUE MOIECIU
9TUX CUCTEM, JIMIICHHBIE HEONPEAEIEHHOCTU, HEOAHO3HAU-
HOCTH, HETOYHOCTH M HPOTHBOPEUNBOCTH. |1 3TOTO Tpedy-
€TCsI BCETO JINIIb MO00paTh MaTeMAaTHISCKUH armapar, Ko-
TOPBIH IO3BOJISIET OIEPUPOBATH C HEONPENEIEHHOCTHIO U
apyrumu HE-cBolicTBamMu HccleayeMOi CIOKHOI CUCTEMBL
TaK K€ TOYHO M OJHO3HAYHO, KAaK KJIACCHMYECKas MaTeMaTHKa
OIIEpUPYET C IOIHOCTBIO OIPENEIEHHbIMU CUCTEMAMU.

1 IIOCTAHOBKA 3AJAYHN

bynem paccmaTtpuBarh ciefyromyro curyanuto. Ilycrs,
CyIIECTBYeT HEKOTOpas IMpOM3BOIbHAS HempephlBHAs (yH-
KUUs 71 TIEPEMEHHBIX

y=F(x,...x,), (1)

IpudeM Bce mapaMeTpsl (KOd(QQHUIUEHTHI) ee SIBHOTO MPe-
CTaBJICHHs] U3BECTHBI TOYHO U ITyCTh OHA OMpelesieHa B 00-
JIaCTH, OIpeNeNsieMOil CUCTeMOM OrpaHudYeHui

D; (X X)) by i=1,m } . @)

Torma orHOcHTensHO GyHKIHH (1) MOXHO copmymnH-
pPOBaTh MOTHOCTBIO ONPEACNICHHYIO (IETepPMHHUPOBAHHYIO)
3aja9y yCIOBHOH ONTHMH3AIMH

F(xq,...,x,) =max, npu D;(xy,...,x,)<b;,i= I,_m } ?3)

KoHeuHo, BO3MOXEH W BapHaHT 3aiadd (3), rae HeoOXo-
MO HE MaKCUMH3WPOBATh, & MHHAMHU3UPOBATh (DYHKIIHIO
F. B coBpeMEeHHOM MaTeMaTH4eCKOM NpPOrpaMMHPOBAHUU
€CTh MHOXKECTBO METONOB 3(P(PEKTUBHOTO pEIIeHHs 3a7ad

(3), opueHTHpYIOIHUXCs Ha TNl QyRKuuid F 1 @, i =1,_m.
Ilycts Temeph mapaMeTpsl p, k = 1,_1 SIBHOTO TIPEICTAB-

JICHUA (byHKI.[I/II/I F M3BECTHBI HE TOYHO, @ C TOYHOCTBIO 10
HWHTCPBAJIOB BO3MOXXHBIX 3Haqu1/1171, T. €. UMCIOT BUI HHTECP-

BaIOB Py =[py1, Pra]- Hanee, mycTs aHaIorM4YHBIM 00pa-
30M HETOYHO 3aJjaHbl IAPaMETPBl g, SBHOTO HPENCTaBIe-
Hus QyHKImi @; B JNEBBIX Y4acTAX OrpaHUYEHHUH 3aJadd, a

TAlOKe U NapaMeTphl b; B MPaBbIX YacTAX OIPaHHYEHHI, T.e.
qsi =451 9521, s =18, b; =[by. bip ], i =1,m . Torna dynkim
F u ®;,i=1,m, TaKke CTAHOBATCA MHTEPBAIbHBIMH (T. €.
NPUHAMAIOMIMMH BUJL HHTEPBANOB F U @, =1, m), onpeze-
JIIEMBIMHM C TOYHOCTBIO JI0 MHTEPBAJIOB BO3MOXHBIX 3HaYe-
HHUH, PABHO KaK W MapameTpsl b;,i=1,m (T.e. NpUHUMAIO-
IMe BUJ UHTEPBANOB b;,i=1,m). B urore momHocreio om-

peneneHHas 3aja4a YCIOBHOH OoNTHMHU3aluu (3) mepexomauT
B HEIOMHOCTBIO ONPEACICHHYI0O — HHTEPBAIBHYIO 3a1ady

f(xl,...,xn) = max, Ipu &)(xl,...,xn) < l;l-, i =1,_m} @)

KoHeuHo, BO3MOXKEH BapHaHT 3ajauu (4), rae tpedyercs

HE MaKCHMHHUPOBATh, 8 MHHUMHU3UPOBATh (QPYHKUHUIO F .
Heo6xomuMo pa3paboTaTh METOIUKY PELICHUS ONTHMH3a-
LIUOHHOM 3ama4n (4).

2 OB30P JIMTEPATYPbI

EcTp pasnuyHble MOIXOABI K IMOMCKY ONTHMyMa HEIoJ-
HOCTBIO ONPEACIICHHBIX (HEASCTePMHUHUPOBAHHBIX) (YHKIHH,
pasiuyaronmecs JOCTOMHCTBaMH U HeocTatkami [ 13]. Tlep-
BBl U3 HHUX — JICTEPMHUHUPOBAHHBIN — 3aKIIFOUAETCS B pelle-
HUH 33/124¥ ONITHMH3ALIIH JIISI ONIPEeNeTICHHbIX 3HAaYSHUH WIT
coYeTaHWi 3HAYCHUI MapaMeTpOB ONTHMH3UpYeMoW (yH-
KIWH, B3ATBHIX BHYTPH 33JJaHHBIX 00JIACTEeH MX HEOIMpe/IelieH-
HocTH [13]. MOXHO B34Th HauXyalllee COYETaHWE 3HAYCHUI
mapaMeTpoB BHYTPH oOiacTeil HeompeaeneHHOCTH (Teccu-
MucTHaeckuid noaxox) [13—16], ux Hawmydiee coueTaHHue
(omrrrMucTHYecKHi Toaxox) [17], meHTphl obnacrei Heompe-
JIETIEHHOCTH TIapaMeTpoB (LeHTpanbHbIH moxxoxn) [18] u ap.
OCHOBHOE JIOCTOMHCTBO MOJXOJa — IIPOCTOTAa MHTEpIIpeTa-
LMY MOJYYEHHOI'O PELIeHHs, OCHOBHOW HEJIOCTAaTOK — Clla-
00 MOTHBHpOBaHHAs OPHEHTHUPOBKA HA KaKOE-TO OIHO 3Ha-
YeHHe (coueTaHne 3HA4YSHNUH) mapamMeTpoB, KOTOpOe Ha TIPaK-
THKE peain3yeTcs O4eHb PEIKO, YTO MOKET OO0epHYThCS
HEOIpaBJaHHOM CII0XHOCTHIO pemieHus. Bropoi moaxon —
BEPOSTHOCTHBI — COCTOHUT B PEIICHHH 3aJa4d ONTHMHU3A-
UM IS YCPETHEHHBIX (OXKUIAEMBIX, B CMBICIIE MaTeMaTH-
YEeCKOro OXKMJAHHS) 3HAYEHUH IapameTpoB ONTHMH3HpPYe-
MOH (pYyHKIMYM WM JJISl TAKHX 3HAYSHUH MapameTpoB, KOTO-
pble 00ecrednBaIoT TOCTATOYHO BBICOKYIO BEpPOSITHOCTH
noxydeHus: ontumyma [19-22]. Dot moaxox mpennonaraer
3aJjaHre BEPOSITHOCTHBIX Paclpe/ielieHHi YKa3aHHBIX Mapa-
METpPOB BHYTpH oOjactedl Mx HeompeaeneHHOCTH. OCHOB-
HOE€ JIOCTOMHCTBO 3TOTO IOJAX0/1a — OPUEHTUPOBKA IOTyda-
€MOro pelmIeHus] XOTs U Ha OJHO, HO 3aTO Hambojee 4acTo
BcTpeuarolneecs (Hamboyiee MOIXOMASIIee IS MONTYICHUS
ONTHMYyMa) 3HaueHHe (COoUYeTaHWEe 3HAUCHUIl) MmapaMeTpoB
(YHKIUH, HEJOCTATOK — HEOOXOMMMOCTh 3HAHUS BEPOSTHO-
CTHBIX pacIpe/ielieHHi apaMeTpoB, YTO Ha MPAaKTHUKE dac-
TO HEBO3MOXKHO. TpeTuii MoAXoa — HeUeTKH — UACHHO OJIH-
30K BTOPOMY, HO B HEM BMECTO BEPOSTHOCTHBIX paclpene-
JICHUH MapaMeTpPOB HEMOJHOCTHIO OMPEACICHHON (YHKIHH,
SIBIISFOIINXCS. 00BEKTUBHBIMU XapaKTePHUCTHKAMH, HCIOTb-
3YIOTCSl HEUETKHE PAcIpeleieHus] apaMeTpoB, Morydae-
MbIC 3KCHEPTHBIM IIyTEM, T.e. CyObeKTHBHO [12].

B nammx pa6orax [23—28] ObLI MPEJIOKEH U JIETATBHO
OIMCaH NPUMEHHUTENHHO K PAa3TUYHBIM ONTHMHU3AIMOHHBIM
3a/a4aM JIeTePMHUHU3AHMOHHBIA TOIXOI K MOUCKY ONTHMY-
Ma HEMOJHOCThIO OMPECICHHBIX QYHKIUNA. DTOT MOAXO]
MPUHLIUITAATBHO OTIAMYAETCS OT TPEX MPEABIIYIIUX TeM, YTO
OINITUMU3ALHS HETOJHOCTHIO ONpeelIeHHON (YHKIHMH Tpo-
BOJMTCS C YY4ETOM BCEro MHOXKECTBAa BOSMOKHBIX 3HAUCHHH
HeleTePMUHHUPOBAHHBIX MapameTpoB (yHKIHH.

VYka3aHHBIW MMOAXOM MO3BOJISICT JUISL JTH000M (YHKINH,
HEOMpPeIeIeHHOCTh KOTOPOH 3aKITI0UaeTCsi B TOM, YTO ee
mapameTpsl U3BECTHBI HaM JIMIIbL ¢ TOYHOCTBIO JI0 MHTEPBa-
JIOB BO3MOXKHBIX 3HaYE€HHH, CBECTH HAaXOXKJAECHHE ONTHMyMa
Takoro Tumna QYHKIUHM K HaXOXKJIEHUIO OTHOMMEHHBIX OMNTH-
MYMOB JBYX MOJHOCTBIO omnpejaeneHHbIX QyHkumi. Takum
0o0pazoM, ISl HaXOXKAEHHs ONTHMyMa HEMOIHOCTBIO OIpe-
JIeNIEHHBIX (DYHKIUI CTaHOBHUTCS BO3MOXKHBIM IPUMEHSTH
MHOTOUYHCJICHHBIC XOPOIIO M3BECTHhIE U 3(PPEKTUBHO pa-
OoTarolre METOAbl TOYHOTO HaXOXKJIEHHs ONTUMyMa IOJ-
HOCTBIO OMNpPEJCICHHBIX (IEeTEePMHUHUPOBAHHBIX) (QYHKIHI.
[Tpu 5TOM COOCTBEHHO aNTOPHUTM HAXOXKACHHUS ONTHMyMa
HEMOJIHOCTBIO OMNpEeeJICHHON (HeIeTepMUHUPOBAHHOM)
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(YHKIIUH OKa3BIBACTCS MOJTHOCTBIO ONpPENENeHHBIM, OTHO-
3HAUHBIM, TOYHBIM M HENPOTUBOPEYUBBLIM. [lpyroil nmpuyu-
HOI BEIOOpa HEONPENENIeHHOCTH HMEHHO MHTEPBAIHHOTO
THIA OBLIO TO, YTO MHTEPBAIBHBIE OI[EHKH HEM3BECTHBIX I1a-
paMeTpoB CHCTeM HamboJee MPOCTHI M JOCTYITHEI JUTS IIONTy-
yeHHs. B 3TOM 3aKi1104aroTCsl OCHOBHBIE JOCTOMHCTBA IIPE-
JIOKEHHOI0 HaMU NOAXOJA K ONTUMM3ALMU HEIONIHOCTBIO
OIpe/eNneHHbIX (PyHKINI — MeTona AeTepMUHM3anmu. Pa3y-
MeeTcsl, y Hallero METoja €CTh U ApYrue JOCTOMHCTBA, a
Taroke ¥ HepocTaTki. OHM IMOAPOOHO PacCMOTPEHHI B II. 6.
B Hacrosmieit pabore NeTepMUHH3AIMOHHBIA MOAXO] K
ONTHMH3AIMN HEMONHOCTEIO ONpPEAETeHHBIX (YHKIUH H3-
JaraeTcst ¥ 00OOCHOBBIBAeTCS B Hamboiee o0meM BHUIE, HE
3aBHCAIIEM OT OCOOEHHOCTEH ONTHMU3MPYEMBIX (DYHKIIHH.

3 MATEPUAJIBI 1 METO/IbI

Paccmorpum nBa wHTepBana d =[a,,a,] u b :[bl,bz].
[lonpiTaeMcs CpaBHUTH 3TH MHTEPBAJIBI 110 BEJIWYHHE, pac-
cMaTpHBasi X Kak MHTepBajibHbIe yncna. Ilepsoe, uro mpu-

XOOUT B T'OJIOBY, — CPABHUTb MHTCPBAJIbI au b HaA OCHOBE
OTHOIICHUHA B OTACJIbHBIX IMapaxX BCIICCTBCHHBIX YHUCCII

(a;,b;),1ne a; €a, b; €b. Ho Takoit noxxox cpasy Befer k
TPOBAITY, TIOCKOIBKY B OOIIEM ciiydae, TPU TPOM3BOIBHBIX
MHTEpBANAX § U ), omuu mapsl aucen (4;,b;) Gynyr Haxo-
JMThCS B OTHOLICHHH d; > b, a pyrie — B MPOTHBOMOIOK-

HOM OTHOIIeHHMM: d; <b ;. TI05TOMY EIMHCTBEHHOE, YTO OC-
TaeTCs, — Pealn30BaTh CPAaBHEHUE UHTEPBAJIOB HA TEOPETU-
KO-MHOXKECTBEHHOM YPOBHE, PacCcMaTpHBas UX Kak LEIOE,
He TojuIexaniee ApoOJIeHII0 Ha 9acTH. DTOT IyTh OBLT pea-
nu30BaH aBTopoM B 1990-e rogsl. Huke mpuBoauTes kpat-
KOe M3JIOKEHHE pa3paboTaHHBIX MeTomoB [23-28].

Htax, B COOTBETCTBHH C NONTY4EHHBIMH TOIBKO YTO BBIBOTA-
MH, OTIEpalliN B3STH MAKCUMyMa \/ ¥ MUHAMYMa A JBYX IpO-

M3BOJIBHBIX MHTEPBANOB d =[ay,ay] u b =[by,b,] BBeaEeM B
BHJIE CIIEAYIOIINX TEOPETUKO-MHOKECTBEHHBIX KOHCTPYKIUIA

dvb={avblacd,beb}, anb={anblaci,beb}. (5
B3stue makcuMyma (MUHMMyMa) JABYX MHTEPBAJIOB g H

b onpenensiercs o Gopmynam (5) Kak HaXOKICHUE MaKCH-
MyMma (MHHUMYMa) BYX TOYCYHBIX BEJIMYHH ¢ W b, IIPA YC-
JIOBUH, YTO 3TH BEJMYHMHBI MPOOETalOT BCE BO3MOXKHBIC 3Ha-

YECHHS COOTBETCTBEHHO M3 MHTEPBANOB W . Temeps muis

TOro YTOOBI MHTEPBANBl ¢ M } MOXHO OBLIO CPaBHUTH IO

BEJINYMHE, YCTAHOBUB OTHOIIEHHUE ¢ > I; Wi g <b , HEeoD-
XOIIMIMO, BO-TIEPBBIX, YTOOBI BBEACHHBIE OMEPAIIH V,A HaI
9THMH WHTEPBAJaMH CYIIECTBOBAIM, BO-BTOPBIX, YTOOBI 3TH
OIIEpalluy JABAIN B PE3YIBTATE OIUH U3 ONEPAHIOB — d HIH

b » U, B-TPETBHUX, UTOOBI 3TH JBE ONEPALH ObLIH COrIACOBA-
HBI, B TOM CMBICJIC, YTO €CJIH OOJBIINM (MECHBIIIMM) SIBIISICT-
Csl OIMH W3 WHTEPBAJIOB, TO MEHBIIUM (OOJBIINM) SBIISETCS
npyroi u3 HuX. CHopMyITHpOBaHHOE YCIOBHE CPAaBHHUMOC-
TH JIByX WHTEPBAJIOB MO BEIMYUHE SIBISETCS, OYEBHUIHO, HE
TOJIEKO HEOOXOAMMBIM, HO U JOCTaTOUHBIM.

K cuacTtpio, HETPYIHO NTOKa3aTh, YTO YCIOBHE COIIACO-
BaHHOCTH OIEpalunii v U A HaJ WHTEPBAJIIAMH BBITIOIHIETCS
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BCerja, T.e. AUl 11000l mapel MHTEPBANOB (a ,l; ). OueBugHO
TaK)Ke, YTO BCErJa BBINOIHIETCS YCIOBHE CyLECTBOBAHUS
BBEJICHHBIX Oll€palyil BHIYMCICHUS MaKCUMyMa U MHHU-
MyMa JByX UHTEPBAJIOB , IPUYEM PE3YIBTATOM OIEpaLUU
OKa3BIBACTCSI HEKOTOPHIH, BOOOIE TOBOPS, HOBBIH HHTEp-
BAII, KOTOPBIH MOXKET OTIHYAThCA KAK OT &, Tak u or b . Ta-
KHM 00pa3oM, HEOOXOANMBIM M JOCTATOYHBIM YCIOBHEM

CPaBHUMOCTH MHTEPBAJIOB ¢ U p SBISAETCS YCIOBHE, IO KO-
TOPOMY ONepaluu g v bh U g Ab JOIHKHBI UMETh pe3Y/bTa-

TOM OJIMH M3 MHTEPBANOB — § WM b . [locnennss popmyiu-
POBKa YCJIOBHUsI CPAaBHUMOCTH MHTEPBAJIOB OTKPBIBAET BO3-
MOXKHOCTbH IIOJIY4CHHUS €TO B KOHCTPYKTHBHOH (opme,
IOPUTOJHON JUISl MPAaKTUYECKOro npumMeHeHus. OCHOBHOR
pe3ynsTaT 371ech HOPMYIUPYETCsl CIEAYIOIINM 00pa3OM.

Teopema 1. Jlins1 Toro 4To0bI 1Ba HHTEPBANA @ = [a,,a, |
up :[bl,b2] OBUIH CPAaBHUMBI IO BENMYUHE (OTHOLICHUIO

>) ¥ HaXOJWJIMCh B OTHOLICHUH ¢ > b, HEOOXOIUMO H JIOC-
TaTOYHO, YTOOBI TPAHUIIBI STHX HHTEPBAJIOB MOTYUHSIIHCH
YCIIOBUAM

ay > bl, an > b2, (6)

a JUIsl TOro YTOOBI OHM OBLIM CPAaBHHUMBI IO BEJTHIHHE (OTHO-
IICHUIO <) M HAXOJWJIUCh B OTHOIICHHU g < b, HEOOXOIHU-
MO U JIOCTATOYHO, YTOOBI BBHIMOJIHSIINCH YCIOBUS

a, <b, a,<b, @)

OTta TCOpEMa IOKAa3bIBACT, YTO MHTCPBAJIbI a u 5 SBJIA-
FOTCA CPAaBHUMbBIMHU IO OTHOLICHUIO 2 i < (I/I HaxXoIiaTCsa
HUMCHHO B 3TOM OI‘HOHIGHI/II/I) TOJIBKO B TOM CJlIy4ae€, KOrjga B
TAaKOM K€ OTHOIICHHWW HAaXOOATCA MX OOJHOMMCHHBIC I'paHHU-

usl ay,b; u ay,b,. VHBIMHK CITOBaMH, HHTEPBAJbl d U b Ha-
XOIATCS B OTHOLICHNH d > b TONBKO TOrAA, KOTAA d CABHHYT
obenMHU IpaHUIaMH BIIPABO OTHOCHUTENBHO H M HAXOMISTCS

B NPOTUBOMNOIOKHOM OTHOIIEHMH @ <b TONBKO TOTNA, KOT-
Jla MHTEPBAJ ¢ CABHHYT OOEHMMH IPAHHIIAMHU BIEBO OTHOCHU-

TENBHO b.

3HaueHne TeopeMbl 1 3aKiIodaeTcss B TOM, YTO OHA CBO-
JIUT CPAaBHEHHE JIBYX HHTEPBAJIOB U BBHIOOP OOJIBIIEro (MEHbB-
IIEro) U3 HUX K CPABHEHUIO OJJHOMMEHHBIX TPAaHMI] ITUX UH-
TEpPBAJIOB, SIBJISFOIIMXCS BELIECTBEHHBIMH YnciIaMu. Tak pas-
pemaercst mpobyieMa CpaBHEHHUS] MHTEPBAJIOB.

Teopema 2. [list Toro 4To0b!I /1Ba HHTEpBaNa d =[a;,d;]
u b =[b;,by] OblIM HE CPaBHUMBI 110 BeIUYUHE (11O OTHO-

LICHUIO > U <), T.. HE HAXOJAMJIMCh B OTHOILLICHUHU g > b WU

4 < b, HEOOXOIUMO U OCTATOYHO, YTOOBI BBITIONTHINUCH
YCIIOBHS

(a1 <b1,a2 >b2) niun (bl <a1,b2 >Cl2). (8)

ra TeOpeMa 10KA3bIBACT, YTO HHTEPBAILI & M b HE CpaB-
HHUMBI 110 OTHOIIEHUSIM > U < TOIBKO B TOM Cilydae, Korma
OIVH W3 HHX TOJHOCTBIO «HAKPBIBAET» JIPYrod. 3HaueHue
TEOpeMBI 2 3aKJII0YaeTCsl B TOM, YTO OHA MOKa3bIBAET CYIIle-
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CTBOBaHHE ONPEAETICHHBIX CIydaeB HECPaBHUMOCTH HHTEp-
BaJIOB 10 OTHOLIEHMSM > U <, B OTJIMYHME OT BEIIECTBEH-
HBIX YHCeJl, KOTOpBhI€ BCEa CPAaBHUMBI 110 YKa3aHHBIM OT-
HowmeHusIM. HecpaBHUMOCTh HEKOTOPBIX MHTEPBAJIOB €CTh
€CTECTBEHHBIH pe3ylbTaT TOro, YTO WHTEPBAJbHbIE YHUCIA, B
OTJIMYHE OT OOBIYHBIX BEUISCTBEHHBIX YHCEN, 33/1al0TCS HE
TOYHO, & C HEONPENEICHHOCThIO (UHCIO NMPUHUMAET HEKO-
TOpOE 3Ha4YEHHE B 33/laHHOM HMHTEpBaJie, HO HE yTOYHSIETCs,
Kakoe MMEHHO 3TO 3HadeHue). Ha ocHoBaHmMM Teopem 1, 2
MOJKHO JIOKa3aTh CJIEIYIOIIHNE TOJIOXKEHHUS.

Teopema 3. Jluis Toro 4To0Bl B CHCTEME HHTEPBAJIOB

a() =[a(),ay (D], a(2)=[a(2),a2(2)]....
MaKCUMaJTbHBIH HHTEPpBaJI (KOI’OpI:IfI HaxXoUTCsa CO BCEMU OCTallb-
HBIMU UHTEpBaJIaMX B OTHOILICHUN 2), HCO6X0}_'[I/IMO 1 10CTaTO4YHO,
YTOOBI TpaHULbI 3TOTr'0 UHTEpBaJla ObLTH PacCIiOIOKEHbI OTHOCHU-
TEJIbHO OTHOMMEHHBIX I'PAaHUI] BCEX OCTAJIbHBIX HHTEPBAJIOB CO-
TJIaCHO YCJIOBUSM

ay (1) > a (2), al(l) > ay (3), '
aj (1) > a) (2), an (1) > ay (3),

Konkpernsle ycnoBust (9) maHel Uis cirydasi, KOraa Mak-

CYIIECTBOBA

©)

CHMaJIbHBIM sIBJIsieTCs MHTepBal d(l), 4To, OYEeBHUIHO, HE
OrpaHHYHMBaET OOIIHOCTH.
Teopema 4. J[ist Toro 9ToOB B CHCTEME HHTEPBAJIOB

a=[aq(D,a, D], a2)=[a;(2),a3(2)],... cymecrBoBan
MHMHHMMAaJIbHBIA MHTEPBaN (KOTOPBIA HAXOOMTCA CO BCEMH
OCTaJIbHBIMH MHTEPBAIIAMH B OTHOIIEHHMH < ), HEOOXOIMMO
M JI0OCTATOMHO, YTOOBI TPAHMIIBI 3TOTO MHTEPBAJIa OBLIM pac-
MOJIOKEHBI OTHOCUTEHFHO OJHOMMEHHBIX I'PAHMII BCEX OC-
TAJIBGHBIX MHTEPBAJIOB COMIACHO YCIOBHSM

al(l)S 01(2), al(l)S 01(3),... ) (10)
aj (1) < a) (2), as (1) < ay (3),
Amnanorudno Teopeme 3 ycnosus (10) 3anmcaHbl Uis CITy-

9asi, KOrja MAHUMAJIBHBIM SBIsSeTcs unTepBan d (1), uro He
OrpaHUYMBAET OOIIHOCTH.

Teopemsr 3 1 4 MOKA3BIBAIOT, YTO MHTEPBAI SIBIISETCS] MaK-
CHMAaJIbHBIM (MHHHMAJIBHBIM) B CHCTEME WHTEPBAJIOB TOIBKO
B TOM CJIy4ae, KOIja MaKCHMAaJIbHBI (MHHHMAJIBHBI) €0 HIDK-
HSIS TPaHMIA — CPEAM HIDKHUX TPaHHUIl BCEX WHTEPBAIOB — U
BEpXHsISl TPAHUIIA — CPEH BEPXHUX IPAHHUI] BCEX HUHTEPBAJIOB.

Ternepb MBI MOXKEM JIETKO OIUCATH PUHIIUII IETEPMUHH3ALAH.

B unTepBanbHoi 3amaqe (4) neneBast GyHKITHS F (Xpees Xy, ) PyH-
K O i (X{5ees X, ), i =1,m , B JIEBBIX YACTSAX OTPAHUIEHUH U

napameTpel b;, i =1,m, B MX IPABBIX YaCTSX SABJIAIOTCS HHTED-
BaJIbHBIMH U TIO3TOMY MOTYT OBITh 3aIIHICaHbl B BU/I€ HHTEPBAJIOB

F (X005 2) = L (X005 X )s B (X105 )15
D; (X150 X,) =[Py (X755 X,,), Py (X15-.0, X)), P =1,m,
b i=Lm (1)

b; =[bi,bp ],
IMocrie COOTBETCTBYIOIIMX 3aMeH CHOPMYTHPOBAHHYIO pa-
Hee 33714y (4) MOXKHO TepEeITcaTh B SIBHOM HHTEPBAJIBHOM BHJIC

[F(X15eees X)), F5 (X1 5.5 X5, )] = maX,
[<Dl-1(xl,...,xn),le-z(xl,...,xn)]S[b,-l,bl-z], i=1,m, (12)

KOTOPBIN Mojaaercs penieHuro. J{edcTBUTENbHO, COMIacHO
TeopeMe 3 WHTepBallbHOe ypaBHeHHE B (12) MOXHO 3amm-
caTh B BHUJIE€ DKBHBAJICHTHON Mapbl OOBIYHBIX (IE€TEPMUHH-
POBaHHBIX) YpaBHEHUIA

F(x,..,x,) =max, [F5(xp,...,X,)=max. (13)

Jlanee, coracHO NMpPUBEJEHHOMY BBILIE YTBEPKACHUIO
TeopeMbl 1 cucTeMy MHTEpBaJIbHBIX HEPABEHCTB B YCIOBHHU
ONITHMH3AUOHHOM 3a1auu (12) MOKHO 3anmcarh B BHIE K-
BHBAJICHTHOH CHUCTEMBI OOBIYHBIX (JI€TEPMHHUPOBAHHBIX)
HEpaBEHCTB

@ (X seen %) S bips Pip(Xpas X)) by, i=1m . (14)

Coenmunss mapy ypaBHeHHH onrtmmmsarmu (13) ¢ cucre-
MoI1 HepaBeHCTB-orpaHndeHHi (14) momydnm 2 nerepmu-
HUPOBaHHbBIE (IIOTHOCTHIO ONpPEAENeHHBIC) 3aMadl yCIIOB-
HOIT onruMu3anuy Buaa (3), IPH 3TOM IEPBYI0 U3 HOBBIX
3aJad Ha30BEM HIDKHEH I'paHUYHOM 3ajaueil MCXONHOU UH-
TepBaNbHON 3a7aull (4), a BTOPYIO — €€ BepXHell TPaHIIHOI
3aadei:

(Dn(xl,...,xn) < bl'l) i= l,m,
CDiz(xl,...,xn) < bi2! = l,m,

Fi(xq,..., x,) = max,

(15)

CDil(xl,...,xn) < bil’ i= l,m,

F5(xq,...,x,) = max,
q)iZ (xl,...,xn) < bi2’ i= l,m.

(16)

VI3 BBIIOIHEHHOTO HAMHU ITOCTPOCHUS CIETYET, YTO Iapa
JIETepMUHHUPOBAHHBIX 3a/1ad yCIOBHOH omruMusanuu (15),
(16), paccMaTpuBaeMbIX B COBOKYITHOCTH, SKBHBAJICHTHA
HCXOMHOW MHTepBanbHOH 3anade (4). Takum obpasom, Juis
HOTy4IeHHs PEIICHIs HHTEPBAIbHON 3a1auu (4) HAI0 peIINTh
ee HIkHIoMW (15) u BepxHioto (16) rpaHUYHBIC 33/1a4H, BbIIC-
JIMB COOTBETCTBYIOIIWE /BA MHOXECTBA TOUEK pEIICHHH, a
3aTeM B3ATh KaKyFO-HHOYIb OHY TOUYKY M3 MEePECedeHHs dTHX
MHOXECTB, KOTopasi M OyleT TOUKOH pelIeHUs] HHTEePBalb-
HoW 3amaum (4). B obuiem ciydae perienus: HiwkHed (15) u
BepxHeii (16) rpannunbix 3a1a4 umeroT BUI M, (X), F] max
{My(X), 5 maxt, tie My (x), My (x) — MHOXeCTBa TOYEK pe-
meHnH X =(Xy,...,X,,) HIKHEH 1 BepXHeil TpaHNdHOI 3a1a49H,
Fl max > F2,max — MakcuMaibHble 3HAYEHHUs EEBbIX (YHK-
Fmax
3anaun (4) cocTaBisieTcs U3 pelleHuit ee HmkHel (15) u Bep-
xHeit (16) rpaHUYHBIX 3a/1a4 B BUJIC

* ~
{x e My(x)"My(x), Fiax :[Fl,maxaF2,max]}. (17)

Wi 3THUX 3aAa4. Tak 4To pemieHue x

* o
s HWHTCPBAJIbHOU

*

B kauecrtBe Touku perieHuss X B BoipaxkeHuu (17) 6eper-
csl ro0as TOUKa M3 MepecedeHus] MHOKECTB TOUEK pelie-
Hus HKkHel (15) n BepxHel (16) rpaHUYHBIX 33124, a B Kave-
CTBE MAKCHMAJIbHOTO 3HA4YEHMs LENCBOH QyHKIMH Fp .. —
HWHTEPBaJ OT MaKCHMAaJIbHOTO 3HAYCHHUS LENeBOH (DYHKIUHU
HIDKHEH TPaHMYHON 3a7a4u F - 10 MAaKCUMAIBHOIO 3Ha-
4eHus nenesoit GyHkuuM Bepxueit sanaun F .- . U3noxen-

,

HbI€ B JIAaHHOM pas3zieie pe3ylIbTaTbl MOXKHO CyMMHMpPOBAaTh B
BHJIE TEOPEMBI.
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VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

Teopema 5. MHOXECTBO TOYEK PemIEHHS X =(X|,...,X,)
MHTEPBABHOHN 3a1auil yCIOBHOH omrtuMm3anuu (4) paBHO
MepeceYeHII0 MHOXKECTB TOUYEK peIllleHus ee HIKHed (15) u
BepxHe#t (16) rpaHWYHBIX 3aqa4. MakcuMalnbHOe 3HAUYCHHE
ueneBol GpyHKIMM 33124 4 paBHO MHTEPBATY, HIDKHSIS Tpa-
HHUI]a KOTOPOTO PaBHa MAaKCHMAaJbHOMY 3HA4E€HHUIO ILIEJIEBOI
(GYHKIMY HYDKHEH TPaHWYHOM 3a/1aud, a BEpXHsIs TPaHHIA —
MaKCHMaJIbHOMY 3HAYeHHUIO IeIeBOW (QYHKIUN BEpXHEH
TPaHUYHOM 3a7a4H.

W3 TeopeMbl 5 BBITEKAET HIDKECIELYHOLIAs

Teopema 6. /I TOro 4T0OB! HHTEpBAIBHAS 33194 YCIOB-
HOM onTHMH3anmy (4) IMena penieHne, HeoOXOoIMMO U JI0C-
TaTOYHO, YTOOBI IIEpEecedeHNe MHOXKECTB TOUEK PEIICHHS ee
HiwkHel (15) u Bepxaeii (16) rpaHIYHBIX 33124 ObLIO HEITYCTO.

OCHOBHOE IPEUMYIECTBO HAILIETO IOAXO0AA K PEIICHUI0
MHTEPBAJIBHOIN 3aJja4M YCIOBHON ONTHMHU3AIUH 3aKII0YaeT-
Csl B BO3MOXKHOCTH UCIIOIb30BAHUS AJISl 3TOrO TPaJULMOH-
HBIX, XOPOIIO pa3pabOTaHHBIX METOJOB PEIICHHS JETePMH-
HUPOBAHHBIX 3a/1a4 YCJIOBHOW onThMu3auuu. OCHOBaHHBIN
Ha 5TOM IOAXOJE METOJ PEIICHUS MHTEPBaJIbHOW 3ajauu
YCIIOBHOH ONTHUMU3AILUU €CTECTBEHHO HA3BaTh METOAOM
JIETEpPMUHM3ALUN, [IOCKOIBKY OH CBOAUT pELICHUE HeNeTep-
MHUHHUPOBAHHOM 3a1a4y (4) K pelIeHUr0 NBYX NETEPMUHUPO-
BaHHBIX 33124 (15) u (16).

4 PE3YJIbTATHI

W3 u3n0xeHHOro B I. 3 CIEQYeT, YTO AJsl PELIEHUs WH-
TepBAJIbHOI 3aJaddl YCIOBHOH onTuMu3anyu (4) MeTomoM
JIETePMUHI3AINH HEOOXOINMO JIEHCTBOBATH TI0 CIIEAYIOIIe-
MY aJITOPHUTMY.

Ilar 1. Vcmons3ys ¢hopMyTsl HHTEpBaIbHOM MaTeMa-
TUKH, BBIPaKAIONINE PE3YNIBTAThl IEMEHTapHBIX Mpeodpa-
30BaHUH MHTEpBaIOB [18]

lar,ax]+[b1,by]=[ay +by,ay +b,];

lap,ax]-[by,by]=[ay —by,a; = by ];
[kay kay], k>0,

k[al,a2]={ v

lkay,ka,], K <0; [ar,az]:[by,b;] :[1E£n(ai 'bj),nila}x(ai bl
lap, a2 ]/[by,by1=[ay,az]-[1/by,1/by], (18)

IPEACTABISIEM LENeBYI0 GYHKIMIO F U (YHKIHH OTpPaHH-
YeHU I &)i 3asaun (4) B uHTepBabHON (hopme. Tak ke mpen-
cTaBlsAeM mapameTpel b; B orpaHndeHnsX. IlomydeHHBIE
BbIpaxkeHus: umerot Bun (11).

Hlar 2. Vcnons3ysi HHTEpBaAIbHBIE MIPEACTABICHUS IIe-
JeBOW (YHKIUHU, QYHKIIMH OTPAHUYCHUU M MapaMeTpOB,
moJyueHHble Ha 1are 1, popmupyem HmxHOI0 (15) U Bep-
xHIOI0 (16) rpaHUYHbBIC 32/1a4U HHTEPBAJILHOM 3a/1a4u YCIIOB-
HOW onTHMHU3anuH (4).

Hlar 3. Vcnonp3ys MOAXOISIINE METOMbI PEIIeHHs Ie-
TEPMUHHUPOBAHHBIX 3a/lad YCJIOBHOW ONTHMHU3ALUH, MONIY-

gaeM pemenus HuKHeH {My(X),F .} ¥ Bepxmeit
{M 5 (x), F3 max } TpaHiuHBIX 3a1a4. 3neck M, (X) — MHOXe-
CTBO TOYEK PEIIEeHUs X =(Xj,...,X,) HUKHEH rpaHMYHOM 3a-
Ja4u, B KOTOPBIX ee LeneBast (pyHKIUA F| JOCTUraeT MaKCH-
MyMa Fpax, @ M;(x) — MHOKECTBO TOYEK pEIlEHHS
x=(x,...,X;;) BEpXHell TPaHHYHOH 3a1a4y, B KOTOPBIX LieJIe-

Bast GyHKims F, pocturaer £ may .
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Illar 4. BriOupast B kauecTBe TOYKU pPEHICHUS 3a1a9u (4)

*
1r00yI0 TOUKy y H3 IepecedeHHs MHoxecTB M, (X) u
M (x) 1 Geps B KauecTBe HIKHEH IPaHHIBI MaKCHMyMa

F

max
CUMYM Fl,max HeneBod (YHKIMH HIDKHEH TpaHuYHON 3aja-

MHTEPBAIBHON IeJICBON (pyHKIIH F sanaun (4) mak-

Y4, a B Ka4CCTBEC BerHeﬁ TrpaHHIbL F

max HUHTCPBAJIbHON

neneBoi pyHKIum F 3agaun (4) — Mmakcumym F 2, max LeJIe-
BOH (DyHKIMUM BepXHEH TPaHWYHOM 3a1adyl, IOIyIaeM BCe
penienue 3anaqn (4) B Buze (17).

W310:xeHHBIN aNropuT™M, Kak BUIHO U3 NPUBEIEHHOIO
BBIIIIE €I0 ONUCAHUS, JAET PELICHUE MHTEPBAIBbHON 3a1auu
YCIIOBHOHM ONTHMU3AIMH (4) BO BCeX Cydasx, Korja mepece-
YeHHE MHOXKECTB TOUEK PELICHMs €€ HUXKHEH U BepxHel
rpaHUYHBIX 3aja4 Hemycro. Ho u3 Teopemsl 6 ciemyet, 4to
YKa3aHHOE [1E€PECEUCHUe HEIyCTO TONBKO TOrJa, KOrjga UH-
TepBallbHAS 3a/ada yCIOBHOHM onTHMH3aIuH (4) nMmeer pe-
menne. TakuM o0pa3oM, IPEUIOKEHHBIH alTOPUTM JaeT
peleHre HHTEPBATIbHON 3a]a4i YCIOBHOW ONTHMU3aIuH (4)
BO BCEX CIIy4asiX, KOLJa 3TO PEIIEHUE CYLIECTBYET.

IIpumep (vHTEpBATHEHAS 3a1a4a O Ha3HaueHsIX). Ecth 3 pa-
0OTBI 1 3 UCTIONHUTENIS — KaHAMIaTa Ha paOOoThL. 3aJaHbl U37Iep-

Kku Qjj =[ay;,d2 ;] BbmonHenws j-i paGoTHI j-M HCTIONHU-

TeneM (i, j =1,3), mpejcTaBsIonue cOOOH UHTEPBANILHBIE BE-
JIMYMHBI ¥ COCTABIIAIOIIUE UHTEPBAIBHYIO MATPHILy HU3IEPIKEK

Al <[l parg] =14, 41, tre 4 =ai] w42 =]
CCTb HIDKHSA U BEPXHAA I'PAHUYIHBIC MATPULIbI U3JICPIKCK. HaZ[O
pacnpenemTs paboThl TaK, YTOOBI KaXKIBIH HCIIOMHUATEb OBLT
3aHAT BBIIIOJIHCHUEM POBHO OI[HOﬁ pa6OTI>I, a CyMMapHBbIC
H3JACPXKKA Ha BCC pa6011>1 6I>UII/I MHUHHUMAJIbHBI.

BBeneM MHOKECTBO HEH3BECTHBIX OYJIEBBIX MATpPHI] Ha-

3gayeHuii X :"x,-j", X {01}, rae xjj = 1, ecay {-H WCIIONHU-

TEJb BBIMOIHACT j-10 padoTy, u x;j =0 B IPOTHBHOM CITy-

yae. Torga nmeem

~ 33
Fi (xij) = Z zaijxij =min,
i=1 j=I

3
npu ch(xlj)sz[] :15 ]:15 5
i=1

3 —
ch(xU')EZxU':l, i=1,3.
j=1

Ora 3a/ia4a NPEACTABISET COO0M YaCTHBIN ClTydail oOIei
WHTEpBaJIbHOM 3amaun (4). [ToaTomMy /uisi ee pemieHus: Mbl
MOYKEM TPUMEHHUTH 4-111aroBbIf alTOPHUTM, OMMMCAHHBINA BEIIIIE.

Ilaz 1. C nomouipio Gopmyn (18) mpencrasisiem 1emne-

ByI0 (DYHKIIMIO F Hallleil ONTHMHU3AaIMOHHOW 3a/1aud B WH-
TepBaJibHOI (hopMme

_ 33 33
Fxy)=| 20 2 an%, 2, 2.a2%

i=1 j=1 i=1 j=1



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2015. Ne 4
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2015. Ne 4

IIpencTaBnsaTh B WHTEpBaNbHOH Qopme (yHKINH
&)l(x,-j ), &)2()64-]-) OTPaHUYCHUI 3aj1aud, PABHO KaK U Iapa-
METPHI B UX IIPABBIX YaCTAX HE HY)KHO, T. K. 31€Ch HET HHTEp-
BaJIBHBIX ITAPaMETPOB.

Hlaz 2. Vcionb3ys nony4eHHble Ha 1are 1 mpexacrasiie-
Hus, GOpMHUpYEM HIDKHIOI [] M BEpXHIOIO [, TpaHHUYHBIE
3aJauyl penraeMol MHTEePBAIBHOH 3amadu

33
F(x;)= Z Zal’ijxij =min,
i=1 j=1

3

3
npu inj =1, j=13, inj =1i=
i=1 j=1

33
F (xij) = Z Zaz,ijxij =min,
i=1 j=1

3 3
pu Zx,-j =1 j=13, inj =1,i=13.
i=1 J=1
gz 3. PemiaeM HIDKHIOIO U BEPXHIOK TPAHHYHBIE 3312~
Y MHTEPBAJILHON 3a/]aul, IOTydEeHHbIE TONBKO YTO Ha Iiare 2
anroputMa. sl ONpeAeeHHOCTH PHHAMAEM CIIEIyIoIIee

KOHKPETHOC 3HA4YCHUC HHTepBaJIBHOﬁ MaTpulbl U3ACPIKECK

A=[4,4),
12 2 2 3 3
me dy =|ag| =t 2 2, 4 =|ary]=|t 4 3
2 2 2 3 4 4

Nmeercs Bcero mectb pa3iMYHbIX 3HAYEHUH MAaTpPHIL
HEU3BECTHBIX X = ”xlj ", YAOBJIETBOPSIIOIIUX OIPaHUYEHUAM

pemaemoit 3amauu. [loaToMmy B JaHHOM ciiydae pelieHue
JIETKO HaXOAMTCS MepedopoM Ha MHOXKECTBE STHUX MATpPHIL.
B pesynbraTe momydyaem perieHne HUKHEH TpaHUYHOHN 3a-
naun B Buae {My(X), F] yin}, Tle MHOKECTBO pereHuit My,

10 10 0 1 0 0 1
M (x)=1X,=|0 1 0,Xp=[0 0 I}, X.=1 0 0O}, Xz=|l O >
0 0 1 0 1 0 0 1 0 1

a JOCTHTHYTO€ MHHHMAIbHOE 3HAYCHUE LIENCBOH (DyHKIUH
H min=5. Jlanee, cOBEpIIEHHO aHAJIOTHYHO IOMYYaeM pe-
IIeHHe BepxHell rpaHudHoi 3amaun {M (%), £ min}. ViMen-
HO, MHOJKECTBO pEIICHUM

10 0 1
MB(X)Z X2a20 0 1, XZbZO 01 >
01 10

a COOTBETCTBYIOIEE TOCTUTHYTOE MHUHHMAJIEHOE 3HaueHHE
LeNeBO (PyHKIMK BEpXHEW TPAaHWYHOW 3aJa4M ISl UCXOJI-

HOIT 3aj1a4u cocTapmseT [ min =9.
Illaz 4. Haxonum mepecedeHrne MHOXKECTB PelIeHUN

HIKHeil rpaHndHoi M (X) u BepxHe#l rpaHnuHoi M, (x)

3aaa4. OHO COCTOHUT U3 OI[HOﬁ MaTpulbI Ha3Ha‘I€HHI>i
K
X' =Xp =X, =[0 0 1,

KOTOpasi U €CThb pellleHue Beeil 3anaun. JJoOCTUTHYThIN Ha 3TOM
pElIeHN MUHIMYM 3aJJaHHOM MHTEepBANbHON IeneBoi (GyH-
KUK COCTaBIACT Fipin =[H min 5, minl =[5, 9]-

OnrumanbHOe pelleHre MOCTABICHHON 3a7aud O Ha3Ha-
9YeHNH 3 WCIONHHUTENeH Ha 3 paboTsl TakoBO: 1-if MCHIOMHH-
Telb Ha3HagaeTcsa Ha 1 pabory, 2-if — Ha 3 pabory, a 3-if — Ha
2 pabory. IIpu 3ToM H3EEPKKH OLEHUBAIOTCS MUHIMAIb-
HBIM MHTEPBAJIOM BO3MOXHBIX 3Hau€HUH, paBHbIM [5, 9].

Jpyrue mpumepsl pelieHuss ONTUMHU3ALUOHHBIX 3a/a4 C
HUHTEPBAIbHBIMY [apaMEeTPaMU C UCIOIb30BAaHUEM H3J0-
YKEHHOT'O aJiropuT™Ma Jansl B [7-9, 15, 19].

5 OBCYKJEHUE

Kak y»e roBopriioch Bo BBEJICHUH, TPOOJIeMa ONITUMH3AIHH
HETIOJTHOCTBIO OMPEICIICHHBIX (PYHKITHH, TI0 CPABHEHHIO C TPAIIH-
LIMOHHOM ONTUMU3ANKEH OJTHOCTHIO OMPEICTICHHBIX (PYHKIIUH,
TpeOyeT JOIOIHUTENIBHO 1) 00001IeHHs NOHATHS SKCTpeMyMa
(byHKIMH; 2) BRISICHEHUS! YCIIOBUH CYIIIECTBOBAHHS dKCTPEMyMa
(GYHKIMH, CBSI3aHHBIX C €€ HEMTOITHOW OMPeIeIeHHOCTRIO; 3) pas-
PpabOTKH CIIEIMATBHBIX METOJIOB ITOMCKA IKCTPEMyMa TAKUX (yHK-
uit. IMeHHO 110 9Toi cxeMe pa3paboTaH Npe/yiaraeMblii B CTaThe
JIETepMUHU3AIMOHHBIN MTOIX0] K onTuMu3aimy. KoHkpeTHo, 0600-
LICHUE MOHITHUS YKCTpeMyMa (DYHKIIMHU Ha CITydail HeMOTHOCTBIO
OIpe/IeNIeHHBIX (MHTEPBAIbHBIX) (QYHKIUH TaHO B I1. 3 ((hopMyIIbl
(5)). Manee, ycnoBusi CyliecTBOBaHHUs (HECYILIECTBOBAHMS ) IKCT-
peMyMa UHTepBaIbHOM (DYHKIHH JTaHbI B TeopeMax 1—4 Toro ke It.
3. U, nakoHer, B 1. 3 pa3paboTaH CreUaIbLHBIA METOT TIOUCKA
AKCTpeMyMa HHTepBaJIbHOHN QyHKINH. HeoOxoamMocTs mpoBee-
HUSI BCe 9TOM pabOTHI Ipe/icTaBIsieTcsl O4eBHIHON. JleiicTBUTENb-
HO, ONITIMU3ALIHS TIOJTHOCTB IO OTPeIeIeHHBIX (PYHKITHI OCHOBaHA
Ha CPaBHEHHH TOYHO OITPEJIeNICHHBIX BEIIECTBEHHBIX YHCEI, C BBI-
JIeNieHreM OOIbINIETO ¥ MEHBIIIETO U3 HUX, IPUYeM Ha YUCIIOBOK
ocH OoJIbIIIee YUCIIO CIBUHYTO BIIPABO OTHOCUTEIILHO MEHBIIIETO.
OpHAaKO 715 ONITUMU3ALU HETIOTHOCTBIO OMPEIENICHHBIX (PYHK-
LM TaKO TOX0MT He paboTaeT, MOCKOIBKY HETOYHO OIpe/eNieH-
HBIE Ynclia (HalpuMep, HHTePBAIBHBIE), B OTIIMYHE OT TOYHO OIT-
PEIeNeHHBIX BEIIIeCTBEHHBIX YHCE, B OOIIIEM CITydae He HaXOISATCS
B OTHOIIICHUH «CABUHYTO BITPaBO (BIIEBO) Ha BEIIIECTBEHHON OCID»
1 IOTOMY HE MOTYT CPaBHUBATHCSI HETIOCPEICTBEHHO, C BBIZIENe-
HHUEeM OOJBIIIETO ¥ MEeHBIIero. BenencTre 3Toro s Takux QyHK-
LUH ¥ IPUXOAUTCS 00001IaTh MMOHsITHE IKCTpeMyMa. Jlaree, He-
MOTHOTA HH(POPMAIHH, KOTOPOH XapaKTepH3YIOTCS HETIOJTHOCTHIO
OTIpeieNIeHHbIC YHCIa ¥ (PYHKIIHH, TIPH JOCTHKEHUH HEKOTOPOTO
JTOCTATOYHO BEICOKOTO YPOBHSI MOKET IIPUBECTH K HECPABHUMOC-
TH TaKHUX YMCET K HEBO3MOKHOCTH BBIZICITUTE 3 HUX OOJIbIIEe U
MEHBIIIEe U, KaK CIIEICTBUE, — K OTCYTCTBHIO IKCTPEMyMa TaKHX
(yHKIMIA. B CBSI31 € STUM M BO3HHKAET HEOOXOMMOCTh HaX0KIe-
HUS1 YCIIOBHUH CYIIIECTBOBAHHSI AKCTPEMyMa HETIOJTHOCTHIO OIpe-
neneHHbIX QyHKIwiA. HakoHer, BenencTBie HHoro, bonee oomiero,
YeM JUTS TIOTHOCTBIO OTIPE/ICIICHHBIX (DYHKIIUH, TOHSTHS SKCTPe-
MyMa HEIOJTHOCTHIO ONpeeNieHHOH (DYHKIMH 1 BOSMOJKHOCTH He-
CYILIECTBOBAHUSI TOT'0 KCTPEMyMa, BEI3BAHHOM HEITOJTHOTOMN MH-
(hopMarmu, MPUXOAUTCS pa3pabaThBaTh CIICIUATBHBIE METOIBI
OTBICKaHMS IKCTpEMyMa TakuX GyHKIHH. BaxkHo moHNMAaTh, 94TO
HEBO3MO)KHOCTH B OIPEIEICHHBIX CITydasiX HAUTH SKCTPEMyM He-
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TIOJTHOCTBIO OTPEIENICHHOM (DYHKITAH C TOMOIIIBEO JTF000T0 a/IeKBAT-
HOT0, B YaCTHOCTH, IPE/VIOKEHHOT'0 B CTAThe, AITOPUTMA HE CBsI3a-
Ha C KaueCTBOM JITOPUTMA, a SIBJLIETCSI CIIEICTBUEM O0BEKTUBHOM
PpeasbHOCTH, a UMEHHO, OTCYTCTBUSI B YKa3aHHBIX CITy4astX SKCTpe-
MyMa BCIIEJICTBHE HeJlocTaTKa HH(POPMALK O (PyHKIIMH.

B Tex e cimydasx, korna HHpopMarys o QyHKIHH JOCTAaTOYHA
1 [IOTOMY €€ KCTPEMYM CYIIECTBYET, IPEATIOKEHHBINA aaTOpUTM
IO3BOJISIET HATH ATOT 3KCTpeMyM (cM. 1. 4). TpeGoBaTh OT anro-
puTMa OOJIBIIET0, OYEBHIHO, HENIB3S1.

OxapaxTepr3yeM Tenepb JApYyrue CyIeCTBYIOIINE ITOIXOAbI K
OINTUMH3ALMH HEOITHOCTBIO OIpe/ieNieHHBIX QyHKIMi. KpaTtko 00
OCHOBHBIX JJOCTOMHCTBAX U HEJIOCTATKAX 3TUX ITO/IXO/IOB Y)KE TOBO-
PpuIIOCh BO BBeIeHHH. PaccMoTpum Bonpoc noapoOHee. Haunem ¢
JIETEPMHUHHPOBAHHOTO ITosxona. [Ipu sTom nmozxozne ucxoHas 3aza-
Ya ONTHMHU3ALIIHY HEITOTHOCTBIO OIpe/IeNieHHON (DYHKIMH (haKTHiec-
KU 3aMEHSETCS IPYroi 3a1a4eii — ONTUMHU3ALMH TTIOJHOCTBIO OIIpe-
neneHHor (yHkiwmu. [TpraeM KoHCTpyHpoBaHHE STOM HOBOH 3a1a-
YU [yTeM BbIOOPA ONIPE/IeNICHHBIX 3HAUYSHUH TapaMeTpOB BHYTPH
obmacTeii HeonpeeNeHHOCTH apaMeTpoB (DYHKIIMH HCXO/THOM 3a-
JIaYM IIPOM3BOIUTCS HA OCHOBE YMCTO SBPHCTHUECKUX COOOpaxke-
HMI1 ¥ HE OIMpaeTcs HA Ha KaK1e MaTeMaTHIECKH SICHbIE 0000IICHHS
TIOHSTHS SKCTPEMyMa Ha CITydaii HeIOJHOCTBEO ONPEIENIeHHBIX (DyH-
Ky Benenersre aToro HoBast 3a/1a4a OKa3bIBaeTCsl, Kak MPaBHIIo,
MaTeMaTHYeCKH HESKBHBAICHTHOW MCXOJHOM 3a/1aue, a MHTepIIpeTa-
LM €€ PelleHHs B TePMUHAX UCXOTHOH 3a1a41 — TPOOJIEMaTHYHOH.
Kpome Toro, n3-3a CJIIO)KHOCTH HEKOTOPBIX KPUTEPHEB OIITUMHU3a-

LIUH, UCTIONb3yeMBIX B HOBOII 3a1a4e (maxmin,minmax), TpyHo-
€MKOCTb aJITOPUTMOB ITOUCKA KCTPEMYMa HETIOJTHOCTBIO OTperie-
JICHHBIX (DYHKIIMI [IPH IeTEPMUHUPOBAHHOM ITO/IXO0/1E MOYKET OKa-
3aTbCs BHICOKOI. 3aTO PH 3TOM I1OAX0/1€ OOBIYHO HE BO3HUKACT
po0JIeMbI BBISICHEHHS YCIIOBHH CYIIIECTBOBAHHUS 3KCTpeMyMa (yH-
KIHH, T.K. HOTHOCTBIO ONpe/ielieHHbIe (DYHKIINH IPAKTUYECKH BCe-
I71a UMEIOT SKCTPEMYM.

Teneps 0 BeposTHOCTHOM nozixoze. IIpu nepBom BapuanTe
JTAHHOTO TTOJIX0J1a UCXO/THAS 33/1a4a ONTUMHU3ALUH HETIOJTHOCTHIO
onpeieNieHHON (QyHKIIUH 3aMEHSeTCA, KaK U B CITydae IeTepPMHHH-
POBaHHOTO OJIX0/1a, IPYTOH 3a1aueli — ONITUMM3AIIUH TTIOITHOCTHIO
orpesieIeHHON (hyHKIMH, KOTOPasi Tereph NoydaeTcs U3 UCXO-
HOM (DYHKIIMH ITyTeM 3aMEHBI €€ CITydalfiHbIX TapaMeTpoB UX MaTe-
MaTHYEeCKUMHU OKHTaHUAMH (1ieHTpamu). Cpasy SCHO, YTO 3Ta HO-
Basl 33/1a4a HEOKBUBAJICHTHA MCXOIHOM 3a/1a4e B elrie OonbIieii cre-
TIEHH, YeM TP JIeTepPMUHUPOBAHHOM ITOJIXO/1€, TOCKOIBbKY OHa, HE
OITMPAsCh HU Ha Kakue 0000IIeHUS MOHATHS SKCTpEMyMa JJIs He-
MIOJIHOCTBIO ONPENETEeHHBIX QYHKIMH, HE YUUTHIBAET HE TOJIBKO
HEOIPEIEIICHHOCTh BO3MOXKHBIX 3HAUCHU TapaMeTpoB yKa3aH-
HOH (YHKIMH, HO U CITyJalHBIH XapaKTep pealn3alii KOHKPEeT-
HBIX 3Ha4E€HUH apaMeTpoB (HYHKIIMHU Ha pakTHKe. Bo Bropom
BapHaHTE BEPOATHOCTHOIO ITOJIX0/1a UCXOIHAs 3a/1a4a ONTUMH3a-
LMY HETIOJTHOCTBEO ONpe/iesieHHOM (DYHKIMH C MHTEPBAILHBIMH I1a-
pameTpamMH 3aMeHsIeTCs 3a1a4ei ONTUMU3AIMI HETIOJTHOCTBIO Oll-
peneneHHoi QyHKIMM co ciydaiiHbpIMu napamerpamu. [locnennme
MIOJTY4al0TCsl U3 MHTEPBAIbHBIX IIAPaMETPOB UCXOIHOH 3a1auu
TIPUHATHEM THIIOTE3bI 0 PABHOMEPHOM PACIIPEeIeIeHUH 3HAYCHU I
IapaMeTpoB BHYTPH CBOMX MHTEpBaJIOB. [IpuHATHE yKa3aHHOI
THITOTE3bI CPa3y YIPOIIAET BEIOOP 3KCTPEMaIbHOIO HHTEPBaa.

Taxk, 111 BEIOOpa GONBLIETO M3 IBYX HHTEPBATIOB @ U b 0CTa-

TOYHO JIMIIb BEYUCIUTE BEPOSTHOCTH P(ad >b)u P(b >a) u

B34Th TOT MHTEPBAJL, I KOTOPOTO BEPOSTHOCTh IPEBBILICHUS
UM BTOPOT'0 MHTEpBasa OoJibIe. DTOT MOAXOA rapaHTHPYET Cy-
IIECTBOBaHHUE PEIICHH S, OY4EHHOT'O C TIOMOIIBIO TUIIOTE3bI MO-
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JIeNTbHOM 3a/1a41 ONITUMU3ALUH (DYHKIIMH CO CITy4aifHBIMU T1apa-
Merpamu. Ho Oena 3akmouaercst B TOM, YTO MOJIENbHAS 3a/1a4a
HEIKBHUBAJICHTHA HCXOIHOW 3a/1a4€ ONTUMH3AIMH (PyHKLIIH C UH-
TepBaJIbHBIMU [TapaMeTPaMH, TaK KaK OJIHO JIMIIb 33/IaHHE HEO-
npe/ieieHHOCTH (QYHKIMHU B (POpMe HHTEPBAJIOB BO3MOKHBIX 3Ha-
YeHUH ee apamMeTpoB He MPEeIIoiaraeT 3aJaHus KaKOH-TO J1O0NoJ-
HUTENEHON MH(pOpMAaLluK, HAPUMEp, B BUJE BEPOSTHOCTHBIX
pacripeniesieHui BHyTpY HHTEepBaJIoB. Bee, uTo paHee ObLI0 cKa3a-
HO O BEPOSITHOCTHOM ITOJIXOJI€, MOXXHO ITOBTOPHTB JUISl HEUETKOTO
TIOJIXO/1a, € 3aMEHOH TEePMHHA «BEPOSITHOCTHOE pacrpeieiieHHe 11a-
paMeTpoB HEMOJIHOCTBIO ONPEeNIeHHON (PyHKIINI» TEPMHUHOM
«HEYETKOE pacrpereieHue apamMeTpoBy.

Ha nipaxTuke a1 penieHns pa3HoOOpasHbIX 331a4 ONTHMHU3a-
UM HETIOJTHOCTBIO ONpPEIENICHHBIX (YHKIHIA, B 3aBUCUMOCTH OT
YCJIOBHI1, MOTYT IPUMEHSTHCS Pa3IMn4HbIe MOAX0AbI. B o0mem
Cllydae peKOMEHYeTCsl HAYUHATD C IeTePMUHHU3AIIMOHHOTO 101~
X013, IOCKONIBKY OH 0a3upyeTcsi Ha TOYHOM ONPEIEICHUHN MOHS-
THUS MaKCUMyMa U MUHIMyMa HEOTpeJIeJIeHHOTr 0 Yrcia (MHTepBa-
J1a), YTO YIPOIIAET HHTEPIPETALHUIO TOJy4eHHOrO PEIIeHHs U
Jienaer ero oojee npo3payHbiM. Ecim neTepMUHN3AMOHHBIH MO/
XOJ1 HE IPUBOJINT K PELICHUIO, BCICACTBHE HEJJOCTATOUYHOM MH-
(dopmannu 06 ONTUMHU3UPYEMOH (QPYHKIMH, 11eIeCO00pa3HO ATy
MH(OPMAIIUIO TIOTIOIHHUTS ITyTEM CY)KEHHSI HHTEPBAJIOB BO3MOXK-
HBIX 3HAUEHHH [1apaMeTpoB 3TOH PYHKIIUH C TOMOLIBIO JIOTIOIHH-
TEJIbHBIX U3MEPEHHH, HAOIIOCHUH, TPUBJICUEHHsI O0sIee KBAJIU-
(HULIMPOBAaHHBIX SKCIIEPTOB, IIOCIIE YEr0 CHOBA TPUMEHUTH JaH-
HBIA moaxoxn. Eciau v 9T0 He MOMOIIO MOJYyYUTh pELIeHuE,
PEKOMEHTyeTCs! IIEPEHTH K UCTIONB30BaHHIO OCTAITLHBIX ITOIXOJIOB.
B nepByto oueperip, 11e1ec000pa3Ho HOIMbITaTHCS IPUMEHUTD Be-
POSITHOCTHBIN TIOJIXOJ1, KOTOPBIH JIOCTaTOYHO MPOCT B peayiu3a-
uuu. [Ipy 5TOM Hasl0 UIMETh B BUILY, YTO HCIIOJIB3YEMBbIE B 3TOM
TI0JIX0/I€ BEPOSTHOCTHBIE paclpeieNieHUs! TapaMeTPOB ONTHMH3H-
PYeMO¥ HEMOJTHOCTHIO OMPeeIeHHON (YHKIIUU TODKHBI OBITH
M3BECTHBI C JIOCTATOYHOM TOUHOCTBIO, TAK KaK B IPOTHBHOM CITy-
Yae HailICHHOE MPEATOIOKHUTEIHBHO ONITUMATHHOE 3HaUeHHE (yH-
KI[MH MOYKET OKa3aThCs IAJICKUM OT HACTosIIero ontumyma. Hano
€Ille YIUTHIBATE, YTO IPU BEPOSITHOCTHOM IMOXOJIE MOTyUCHUE
ontuMyMa (GyHKIMK BOOOIIE CTPOro HE rapaHTUPYETCs, & JIHIIb
«00eIaeTcs» ¢ ONpeIeNICHHON BEPOSITHOCTBIO, IPUTOM He 00513a-
TEJTbHO OJTU3KOH K eIUHUIIE, YTO He Beer/a mpremiiemMo. [Toatomy
Ha [TPaKTHKE YacTo MPUMEHSIOT JICTePMHHUPOBAHHBIMN MOIXO0 K
OINTHUMH3AIUH HETIOJTHOCTHIO OMPEIEICHHBIX (DYHKIIMIA. DTOT MO
XOJI, B OTIMYHE OT JICTCPMHUHHU3AIIMOHHOTO [TOIX0/1a, Beeryia ooec-
MEYMBACT CYIIIECTBOBAHKE ONITUMYMa HETTOJTHOCTRIO OIPEICIICH-
HO# (QYHKIIMH, U, B OTIMYHE OT BEPOSITHOCTHOI'O MOJIX0/Ia, TapaH-
TUPYET MOJIydeHHe 3TOro onTuMyma. K coxaieHuo, pyu 3ToM
MOAIXO/Ie, KaK Y)Ke FOBOPHIIOCH PaHee, BCICACTBUE Mpeodpa3oBa-
HHSI KCXOIHOH HETTOTHOCTB IO ONpPE/IeTICHHOM (YHKIINH B TIOJIHOC-
TBIO OMPEJICNICHHYO (IeTEPMUHHPOBAHHYIO) HOBAs 3a/1a4a OITH-
MH3AIHH OKa3bIBACTCS HEOKBUBAICHTHA HCXOTHOM, 2 HHTEpIIpeTa-
LKl €€ PEIIeHHsT B TEPMUHAX HCXOJHOM 331841 MPOOJIeMaTHY HOM.

Hanpumep, BHIGOp MUHMMAITEHOTO W3 JIBYX HHTEPBAIOB d = [4,5],

b =[3,15] c moMOIIEIO JETEPMUHUPOBAHHOTO TTOIXO/1A 10 KPUTE-
IO ONTUMATBHOCTH «HUDKHSIS TPAHHIa HHTEPBaIa MUHUMAIbHA

JIaeT peLIeHNe min(ﬁ ,Z; ) = l; =[3,15] OpHaKo 3To pelIeHre He-
BO3MO)KHO HHTEPIPETUPOBATH IPAKTHIECKH, TTOCKOJIBKY OHO ITPO-
THBOPEYUT dBPUCTHUECKHAM IPEICTABICHUSIM O rpobieme. Tak,
000l aBTOMOOMITUCT YBEPEHHO MPEAIIOUTET Kak Ooiee SKOHOM-
HYIO MallIMHY C pacXoAoM ToruuBa ot 4 10 5 1 Ha 100 kM ManmHe
¢ pacxozioM TorumBa ot 3 1o 15 !
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6 SAKVIITOYEHUE

B I[aHHOﬁ CTaThC IIOKA3aHO, YTO HpO6JIeMa OonTuMMU3a-

WU HEMOJHOCTBIO OMPENSICHHBIX (YHKIUH JOCTaTOYHO
[IPOCTO pa3pelinma, ecii yKa3aHHYI HEOIpEJIeIeHHOCTh
3aJaBaTh B MHTEPBAJIBHON (POPME M HCIIOIB30BATH MIPU 3TOM
KOHCTPYKTHBHYIO TEOPHUIO CPABHEHHS BEMYMH MHTEPBAJIOB,
CBOJISIIIYIO 3TO CPaBHEHHE K CPABHEHUIO OJJHOMMEHHBIX Ipa-
HUIl MHTEPBAJIOB. TeM caMbIM 3ajlada HaXOXKJICHUS ONTHMY-
Ma HEMOJHOCTBIO OMpeNelieHHOW (HYHKIMU CBOAMTCS K 00-
Jiee TIPOCTOM 3ajjade OTHICKAHUS OJHOMMEHHOTO ONTHMyMa
JIBYX IMOJIHOCTBIO OTPEAENEHHBIX (IeTepMUHUPOBAHHBIX)
¢yakumii. Hamm nozmxos (ero ecrecTBeHHO Ha3BaTh JETEPMU-
HU3aluel) MpuMedaTesieH TeM, YTO TIO3BOJISIET BIIOJIHE CTPO-

Tro

CBECTH ONTHUMHU3AINIO HEMOJIHOCTBIO OINPEACIICHHBIX beH-

KHI/Iﬁ K XOpOomo U3BECTHBIM H 3(1)(1)6KTI/IBHI>IM METOAaM OIl-
TAMH3al0HUU TTOJTHOCTBIO ONPCACIICHHBIX beHKI_lI/Iﬁ
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JI-p TexH. Hayk, mpodecop Kadeapn MaTeMaTHKU [IeH3EHCHKOrO Iep:KaBHOTO TEXHOJIOTIYHOTO yHiBepcuTery, [leHsa, Pocia
ONTUMIBAIIIS B YMOBAX HEBU3HAYEHOCTI METOJIOM JETEPMIHI3ALII|

V crarTi po3nsIHYTI iCHYROUI MiIXOAM IO ONTHUMIi3alii (ONTHMAIBHOTO MPOSKTYBAaHHS) CHCTEM B yMOBaX HEBH3HaueHOCTI. [laHa TouHa
3aBIaHHs YMOBHOI ONTHMIi3amil IpH iHTEPBAIbHOI HEBU3HAYCHOCTI MapaMeTpiB LiTbOBOI QYHKINI i 0OMexKeHb. Y 3B’SI3Ky 3 LHUM BHKIAICHI
MaTeMaTH9Ha TEeOpis MOPIBHAHHS iHTEPBAJIB, IO BKIOYA€ TOYHE BU3HAYCHHS MaKCHMAJIBHOTO i MiHIMAIBHOTO iHTEpBAIIiB, YMOBH iCHYBaHHS
TaKMX {HTEPBAIIB 1 aTOPUTMH IX BIAIIYKaHHS. 3alPOMOHOBAHA i1est pillleHHsT 3a/1a4i yMOBHOI ONITHMI3allil IpH iHTEpBaIbHOI HEBU3HAYCHOCTI il
napamertpiB. Lls ines 3acHOBaHa Ha MpaBUIIaX MATEMATUYHOI TEOPIl MOPIBHSHHS IHTEPBAJIB, IO 03BOJSIFOTH 3aMIHUTH MTOPIBHSHHS IHTEPBAIIB 1
BHUIUICHHSI MAKCHMAIBHOTO 1 MiHIMAIBHOTO iHTEpBaITy MOPIBHSHHSM iX HIKHIX i BepxHix Mex. Ha Ga3i 3anpornonoBaHoi inei chopMymboBaHmMi
i 0GTPYHTOBaHHIA METOL eTEPMiHI3aILii, [I0 TO3BOJISE BUPIMIHTH 3a1ady YMOBHOI ONTAMI3allii IPH iHTepBaIbHOI HEBU3HAYCHOCTI TapaMeTpiB
HUBIXOM 1i 3BECHHSI 0 JBOM IMOBHICTIO MEBHHUM 3aBIAHHAM omrTuMizanii Toro x Tumy. CopMmynpoBaHa i qJoBeneHa TeopeMa, BH3HaYalbHa
pileHHs 3aa4i YMOBHOI ONTHMI3awil B yMOBaX iHTepBabHOI HEBU3HAYCHOCTI TaApaMeTPiB uepe3 PIllieHHs IBOX 3a3HAYCHUX MOBHICTIO TIEBHUX
3aBIaHp onTuMizamii. Takoxk chopMysIsOBaHa i IOBelEHA TeopeMa, BU3HAYalbHA HEOOXiqHA i JOCTAaTHS yMOBa iCHYBaHHs PO3B’SI3Ky 3aj1adi
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YMOBHO{ onTHMi3allii IpH iHTepBaIbHOI HEBU3HaYeHOCTI. [oOynoBaHMil yeTHpexIaropuii alropuT™ BUPIIIEHHS 3aJa4i yMOBHOI ONTHUMIi3awii
IIpH IHTEpBaJIbHOI HEBM3HAYEHOCTI IapaMeTpiB, KU peaiizye Merox AerepMiHizauii. HaBeneno npukian podoTH aaropuTMy; B SIKOCTi po3B’si-
3yBaHO{i 3a7a4i 0OpaHa iHTepBalbHA 3aJa4ya Ipo npu3HaueHHs. [IpoBeneHo MOPIBHAHHSA BUKIAJAEHOTO MIIXOMY [0 BUPIIEHHS 3a1a4 YMOBHOL
ONTUMI3aLil 3 HEMOBHICTIO BU3HAYEHUMH NapaMeTpaMy 3 IHIIMMM METOJAMH BUPILIEHHS TaKHUX 3aBJaHb (IEeTepMiHOBaHMH, IMOBIpHICHUII i
HeuiTkuit). BkaszaHi JocToiHcTBa 1 HeoMiKH pi3HUX MeToxiB. IlinkpecneHo, o 3anponoHoBaHUi MiAXiA JO3BOJISE 3BOAUTH OITHMI3aLlil0 HEMOB-
HicTIO neBHUX (QyHKUIH 10 onTHMIi3aLii NOBHICTIO MeBHUX (QyHKLIH CTPOro MaTeMaTU4HO, a HE EBPUCTUYHO, SIK 11€ POOUTHCS B IHIINX BiOMUX
mijgxomax.
KorouoBsi ciioBa: ontumizaniis, HEeBU3HAYCHICTh, ONTUMI3allis IPU IHTEPBAJIbLHOI HEBU3HAYEHOCTI, METOA JIETEPMIHI3aIlil.

Levin V. L.

Dr Sc., Professor of Mathematical Department of Penza State Technological University, Penza, Russia

THE OPTIMIZATION IN CONDITION OF UNCERTAINTY BY DETERMINATION METHOD

The existing approaches to the optimization (optimal design) of systems under uncertainty are considered. An exact formulation of
problem of constrained optimization under interval uncertainty of the parameters of the objective function and constraints is given. In this
connection the mathematical theory of comparison of intervals is set out, including a precise definition of the maximal and minimal intervals,
conditions for existence of such intervals and algorithms for finding them. Idea of solving constrained optimization problems under interval
uncertainty of its parameters is proposed. This idea is based on the rules of the mathematical theory of comparison of intervals which allows
replace the comparison of intervals and determination of maximal and minimal interval by comparing their lower and upper bounds. On basis
of the proposed idea the determination method which allows solve the problem of constrained optimization under interval uncertainty
parameters by reducing it to two entirely certain optimization problems of the same type is formulated and proved. We formulate and prove
a theorem that defines the solution of the problem of constrained optimization under interval uncertainty of parameters through solutions of
two fully certain optimization problems. Also the theorem that defines the necessary and sufficient condition for existence of a solution of
constraint optimization under interval uncertainty is formulated and proved. The algorithm of solving constrained optimization under interval
uncertainty parameters that implements a method of determination is constructed and consists of 4 steps. The example of the algorithm is
given. The interval assignment task is selected as a problem to be solved is selected. A comparison of our approach to solving constrained
optimization problems with incompletely defined parameters with other methods for solving such problems (deterministic, probabilistic and
fuzzy) is done. Advantages and disadvantages of different methods are listed. It is emphasized that the proposed in the article approach allows
us to reduce the optimization of incompletely specified functions to fully optimize certain functions strictly mathematically rather than
heuristically, as is done in well-known approaches.

Keywords: optimization, uncertainty, optimization with interval uncertainty, determination.
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Monopgeubka K. B.

KaHd. mexH. Hayk, douyeHm, OoueHm Kaghedpu KOMITIOMEPHUX mexHosnoeil i ModerntsaHHss cucmem XKUumomupcbKo2o
HauioHanbHo20 a2poeKkonoziyHo20 yHieepcumemy, XXumomup, YkpaiHa

CnocCib NIATPUMAHHA 3A0AHOIO PIBHA MOMUTY AKTOPIB
COUIANBbHUX IHTEPHET-CEPBICIB HA KOHTEHT

CyuacHi coliabHi IHTEPHET-CEPBICH € HOBITHBOIO BIpTyasbHOIO IIaT(GOPMOI0, siKa 3abe3nedye OHNAiH KOMYHIKAII0 MK y4acCHUKaMU
BIINOBIZAHUX BIPTyalbHUX CNUILHOT. [lomysIpHICTh COLliaIbHUX IHTEPHET-CEPBICIB, OKPIM YCIiX IX IO3UTHBHUX KOMYHIKaLlIHHUX MOXIIUBOCTEA,
HOPOJKYE HU3KY NOTEHLIHHMX 3arpo3 iH(opMaLiiHii Oe3meni ocodu, CycniibCTBa, JepkaBH. 30KpeMa, 0coOIMBO HEOE3IIEUHHMHU € 3arpo3H,
SIKi CIIPSIMOBYIOTBCSI 3JI0BMMCHUKAMH Ha MaHiITyII0BaHHs CyCHUIBHOIO CBifoMicTo. [Ipu 1iboMy siBHILA cOLliaIbHOI KOMYHIKALLii, IKi BHHUKAIOTh
BHACIIJJOK B3a€MOJil aKTOpPiB, XapaKTepH3YIOThCsl HENPOrHO30BaHICTIO nporeciB. Lle npu3BOAUTh 10 BUHUKHEHHS CTaHy HEKEPOBaHOTO
xaocy, akuii Mae 6e3nocepeHe BinuzepkaneHHs B opduaiini. 3 MeToro 3a0e31eueHHs KepOBaHOCTI TAKUMH IPOLIECAMH Y CTATTi 3aIIPOIIOHOBAHO
BUKOPHCTATH KOHILENLII0 CHHEPIeTHYHOIO YIPaBIiHHS B3a€MOJIEI0 aKTOPIB y COLIaIIbHUX IHTEepHET-cepBicax. CHHEpreTHuHe YIpaBiiHHS,
sIKe CHHTE3YEThCS B PE3yIIbTaTi, 3a0e31euye MiABUIIEHHS CTIIKOCTI BIpTyalbHHX CIUIBHOT 10 AE€CTPYKTUBHHX BIUIMBIB y PO3pi3i yrpaBIiHH:A
IIOIHUTOM aKTOpPiB Ha KOHTEHT y COLIaJbHUX iHTepHeT-cepBicax. Ha ocHOBI 0OpaHOro AMHAMIYHOrO iHBAapiaHTY MOKa3aHO MOXJIUBICTh
3a0e3neyeHHs NPOTIKaHHA Y BIpTyallbHUX CHUIBHOTAX HPOLECIB KEPOBAHOI caMoopraHizalii akTopiB AJsl IIEpeXony CHCTEMHU Yy KepOBaHHI
HiIKOHTpONbHUH cTtan. OOpaHuil y cTaTTi aTpakTop BpaxoBye 0a30Bi 0COOMMBOCTI KOMyHiKallii akTOpiB, Taki sK 3MiHa B 4aci LiHHOCTI
KOHTEHTY Ta 3a0€3I1eUeHHs JOCATHEHHsI TOCTAaBIEHOI METH Bijl B3a€MOJI] aKTOPIB BIpTYalbHOI CIIUIBHOTH Y TOYLI CIUIECKY CHHEPI€THYHOIO
edekty. Y pe3ynbTaTi BIUIUBY CHHTE30BAHOI'O CHHEPTeTHYHOIO YIIPaBIIiHHS Ha IHBapPiaHTHOMY PI3HOMAHITTI peai3yeTbcsl peyKLlis CTyIeHiB
cB0OOaY HeNiHiltHOT JUHAMIYHOI CHCTEMM — IIpoLecy B3aeMOJii. SIk HaclifoK, CHPOILYETHCS MPOLEC WITYYHO-KEPOBAHOIO MiATPHMaHHA
3aJJaHOTO PIBHS IIOMUTY aKTOPIB 1 3a0e3neuyeThes BAAMMA cTapTan HOBUX OpeHiB.

KuouoBi c10Ba: couianbHi iHTEpHET-CEPBiCH, B3a€MOJisl aKTOPIiB, NMOIMHUT HA KOHTEHT, AMHAMIUYHMI XaoC, CHHEPreTHYHE YIpPAaBIiHHS,
aTpakTop, iH(popmMaliiiHa Oe3mexa.

HOMEHKJIATYPA

a — MMOKa3HMK 3MiHU MWBHIKOCTI nonuty akropiB y CIC Ha
BIZITIOBI{HHI KOHTEHT;
b — noxasHuk 3MiHu KOHKypeH1i1 aktopiB y CIC Ha myOika-
LIiF0 KOHTEHTY, aHAJIOTTYHOTO 38 CYTHICTIO Ta 3MICTOM;
C — IOKAa3HHK 3MiHH IIBHJIKOCTI TPOIO3UIIii 3 HaJlaHHS aKTO-
pam B3aemorii B CIC BiIIOBITHOTO KOHTEHTY;
€] — koedilieHT perynapusanii monuTty akropam CIC Ha 1my6-
JIKAIIFO KOHTEHTY, aHAJIOTI9HOTO 32 3MICTOM;
€, —KoedimienT perynapusanii konKypenuii akropis CIC na
IyOITIKAIIi 10 aHAJIOTIIHOTO KOHTEHTY;
T,,—9ac, 3a sKHi 1oCATaETHCS 3aMaHNH PiBEHb 3aIliKaBICHOCT]
aKTOpIB;
u ( x,y) — CHHEpreTHYHE YIPaBIiHHS B3a€MOJIIEI0 aKTOPIB Y
CIC, o pearnizyeThcs yepe3 3BOPOTHHI 3B SI30K;
V — dynkuis JlsmyHOBa;
X (t) — mporec, mo onucye morut aktopis y CIC Ha BiAmmoBi-
JTHUI KOHTEHT JJIsI TOCiKYBaHOI BIpTyaJlbHOI CITUTEHOTH;
; — (a30Bi KOOPIMHATH TOYKH CIUIECKY CHHEPreTHY-
XU 5 1%
HOTO eeKTY;
y (t) — IpoLIeC, IO OIHCYE MPOMO3HIIO 3 HATaHHS JESIKOTO
KOHTEHTY;
vy (X, y) — 3a7aHMil apaMeTp MOPSAKY, aTPaKTop, KU
BpaxoBYe MpUpoIHi ocobmBocTi B3aemoii akropis CIC;
CIC - comianbHi iHTEpHET-CEPBICH.

BCTYII

Pomp CIC B mporieci cTaHOBIEHHS TPOMAITHCHKOTO CYCITLTh-
crBanoctiiiHo 3pocrae. CIC sik enekTpoHHuH 3aci0 MacoBOi KOMY-
HiKarii BUCTYyTIae epeKTHBHUM IHCTPYMEHTOM (POPMYBaHHSI CyCII-
UTbHOT yMKH 3 0araTboX akTyadbHuX nutanb. Hanpuknan, CIC,
TIPH iX e(heKTHBHOMY BUKOPUCTaHHI 3a0€3MeuyI0Th BT cTapTamn
0ararbox cygacHHX OizHec-TipoeKTiB [ 1-5]. 30LbIIeHHS KUTHKOCTL

© Monozgenska K. B., 2015
DOI 10.15588/1607-3274-2015-4-16

MOTEHLIHUX 3arpo3 iHdopMmariiHii 6e3neri, yckiaHeHHs Ipo-
LIECiB BU3HAYEHHS PEJIEBAHTHOCTI, JIOCTOBIPHOCTI, LIHHOCTI iH(pOp-
Mautii, sika mommproeTses B CIC, CTBOPIOIOTH YMOBH JIJIs1 MaHiIy-
JIFOBAHHS CYCIIIBHOIO CBIZIOMICTIO, 30KpeMa, IIIIXOM MOLIUPEHHS
HEJIOCTOBIPHO1, HETTOBHOT a00 yrepepkeHoi iHdopmariii [6—8]. Pe-
3YJIBTATOM TaKUX BIUTUBIB € BAHUKHEHHS XaOTHYHO KEPOBAHNX BUX-
1THHX JIif aKTOPIB, a Y BUIMAJIKY iX B3a€MOIi1 i BUKOHAHHI JISTKHX
BU3HAYECHHX YMOB— I10IBa CHHEPreTUYHHX e(eKTiB. Taki eekTi
TIPU3BOAATD 10 YTBOPEHHS Y BUCOKOOPIaHiI30BAHUX CHCTEMaX YII-
PaBIiHHS PI3HOTO i€PAPXIYHOTO PIBHS HOBHX 1 HEXapaKTEPHUX iM
BITACTHBOCTEH, SIKi HA3MBAIOTh eMepIpKeHTHIMH [9]. CBoedacHe Bera-
HOBIICHHSI CYTHOCTI 1 3MicTy cuHepreTuaHux edekTiB y CIC, ix 3aB-
YyacHe BUABJICHHS], IPOrHO3YBaHH:I Ta OIIEPaTUBHE MOIEPEIDKEHHS,
€ aKTYaIBHOIO TIPOOIIEMOFO 3a0e3reueHHs iH(opMaIliiHol Oe3meK
JIFOITUHH, CYC-TIIHCTBA Ta JIeP)KaBH.

MeToro CTarTi € MiABUIIEHHS CTiIHKOCTI BipTyalbHUX CHUTEHOT
CIC no nectpykTHBHUX iH(QOpPMAamifHUX BIUIMBIB 332 PaXyHOK
MiITPUMAaHHs 0a)KaHOTO PiBHS IMOMHUTY aKTOPiB HA KOHTEHT, 10
CTaHOBHTH iHTepec. J{JIs1 OCSTHEHHS IIOCTaBIeHOT METH HEOOXiTHO
PO3B’s13aTH TaKi YaCTHHHI 3aa4i:

— 0OTpyHTYBaHHS 1 BUOip ITapaMeTpa MOPSIIIKY, 0 BU3HAYAE
JIMHAMIKY Tpo1ieciB B3aemoii aktopiB y CIC;

— CHHTE3 CHHEPreTHYHOr0 YIPABIIiHHS [TPOLIECAMH B3a€MOIIT
akropiB y CIC;

— MonemoBaHHs B3aemonii aktopiB y CIC i3 BpaxyBaHHIM
CHHEPreTUYHOI'O yIPABILHHSL.

1 IOCTAHOBKA ITPORJIEMH

Hexait y popmarnizoBaHOMy BHIJISII B3aEMOJIiSI aKTOPIB Y Jie-
sikoMy CIC ormucyeTbcst CHCTEMOFO Hei HIHUX Tru(epeHIi AlTbHIX
piBHSHB BUITISITY [10]

_dx(t) = ax—xy—bxz;
dt (1)
dyd_(tt) =—Cy+Xy.
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IMocraBuMoO 3amady yIpaBIiHHSA HENIHIHHOIO CHCTEMOIO
(1) 3 MeTOrO MiATPUMAHHS 33JaHOTO PIBHS IIOMHUTY AKTOPIB
x(t) mocimimKkyBaHoi BipTyanbHOI CHITBHOTH Ha BiIOBiXHUIA
KOHTEHT, BIUTMBAIOYH Ha MIBHJKICTH IOMIMPEHHS IIbOTO KOH-
TEHTY Ta KOHTEHTY, aHAJIOTiYHOIO 3a CYTHICTIO 1 3MiCTOM.
CuHTe30BaHe YIPABITiHHS HOBHHHE CIPOCTHTH IIPOLEC Ty~
HO-KEpPOBAHOTO IMiATPUMAaHHS 33JJAHOTO PIBHS IOIUTY aK-
TOPIB 32 PaXyHOK BHHHKHEHHS y CHCTEMIi IIPOIIECiB CaMoop-
ranizanii. BusHaueHuit piBeHb 3aliKaBIEHOCTI aKTOPIB y KOH-
terTi CIC Mae OyTi rapaHTOBAaHHM 1 JTOCATHYTHM 3a JSSIKUH
HIpOMiKOK Hacy 7.

2 OUIA A JJITEPATYPHA

AHai3 OCTaHHIX JOCTIJDKEHb 1 MyOITiKaIiid mokasas, 10
CIC Hanexarts 10 K1acy HeNHIHHUX IUHAMIYHUX CHUCTEM [4,
9, 11-13]. IToBeniHKa TAKUX CHCTEM XapaKTEPH3yeThCS Heme-
pendadyBaHICTIO i HEKEPOBAHICTIO, TOMY IUISl TOCHiIKEHHS
yIpaBIIiHHA IponecamMu B3aemoxii akropis B CIC nmopeuno
CKOPHUCTATHCS TIONOXKEHHAMH IMHAMITHOI Teopii xaocy. Bera-
HOBJICHO, 1[0 OJHUM i3 HAWOUIBII MEPCIIEKTHBHUX METOJIB
JIOCSTHEHHS 33JJaHO1 TIOBEIHKU aKTOPIB Y CUCTEMI € Taki, [0
BUKOPUCTOBYIOTH 1X 3[aTHICTB /IO CAMOOpTaHi3alii, OHIE0 3
HEeoOXiTHUX yMOB BHHUKHEHHS KOl € HMiATPUMAHHS CTaHy
HepiBHOBaru [10, 14, 15]. 3aBusku mporiecaM caMoopraHi-
3amil — TEOPETHYHI OCHOBI CHHEPTETUKH, MOKHA BHIIIHTH
BIJTHOCHO HEBEJIMKY KIJIBKICTh MapaMeTpiB MOPSAKY 49U Xa-
PaKTepHCTHK CEPEeOBHIIA, SKi BU3HAYAIOTh JIMHAMIKY CHC-
TeMH B IiToMy. TaknuM YMHOM, HAsBHICTH XaOTHYHOTO aT-
paxropa 3abe3medye MOCATHEHHS CTIHKOTO CTaHY CHCTEMH
3a HE3HAYHUX 30ypeHb CHCTEMHHX ITapaMeTpiB.

B ocHOBy mocmipkeHb Oyno IOKJIaJeHO KOHIIEMIII0 CH-
HEPreTHYHOr0 YIPABIiHHS MPOIECaMH B3a€MOJIi aKTOPIB y
CIC [9, 14]. BupimenHss npobaeMu yIpaBIIiHHS PiBHEM II0-
nuty aktopiB CIC Ha KOHTEHT IUISXOM CHHTE3y CHHEpPreTHY-
HOTO YIpaBJIiHHS, sike 3a0e3Me4YnTh BUHUKHEHHS TPOIIECiB
kepoBaHol camoopranizaiii aktopiB y CIC s gocsrHeHHs
3aJ]aHOTO CcTaHy iHpopMaliiiHol Oe3neKku BipTyaJbHOrO
CITIIBTOBApHCTBA € aKTYaJIbHOO.

3 MATEPIAJIA I METOIA
CUHTE3yeEMO CHHEPTeTHYHE YNPAaBIiHHS MPOMO3HUIIIEI0

kouTeHTy y CIC, miist IKOro cucremMa HediHIMHUX qudepeHi-
iaJbHUX PiBHSHB (1) MEPETBOPUTHCS IO BUIVISILY

dx(t) = ax—xy—bxz;

dt 2)
dy_(t):_cy+xy+u(x )

dt e

Jlns 3abe3neueH s Iepexoy BIpTyaldbHOI CHUTBHOTH aK-
topiB CIC no GaxkaHOTO CTaHy i MOSBU 33JJAHUX CHHEPTETHY-

HUX e(eKTIiB CHHTE3YEMO 3aKOH YIpaBIIiHHS u(x, y) Ha OC-
HOBi 3aJ1aHOTO NapameTpa nopsiaky Wy, (x,)=0. Beeemo

B CTPYKTYpPY CHCTEMH JMHAMIYHI iIHBapiaHTH — aTPAKTOPH, SIKi
BpPaxoOBYIOTh NMPUPOIHI ocoOnmBocTi B3aemogii akropis CIC

[1, 6]. Toxi makposminna vy, (x, y) nabysae Bursity [9, 14]

Yy (x,y) = y—alx—szxz . 3)
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3aBASKH CHHEPTeTHYHOMY YIPaBIiHHIO u(x,y) JULSI
HiITpUMaHHA 3aaHoro piBHA mormuty akTopiB CIC Ha KoH-
TEHT B CHCTEeMi HeNIHIMHUX Au(epeHIialbHUX PiBHAHb (2)
OynyTh 3amymieHi mepeximHi mpomecu. s 3abe3nedeHHs
nepebiry Takux IpoLeCiB 3a Aeskuii uac 7,,, oOpaHa Makpo-
3MiHHa (3) ITOBHHHA 33JJ0BOIBHATH YMOBY

dvy,, (t
TUAHVU (r)=0. )
dt
[Micnst migcTaHOBKKM Makpo3MiHHOI (3) B piBHSIHHSA (4),
BPaxOBYIOUH TOYAaTKOBY CHCTeMY IH(EepeHIiaIbHUX PiBHIHB
(1), oTpuMaemMo CHHEpPreTHYHE YNpaBIiHHS

1
u(x,y)= cyfxy+(ax7xy7bx2)(sl +282x)7T—(y781x782x2)_ (5)
v

OTKe, CHHTE30BaHa CUCTeMa HETiHIHHMX Ju(epeHITiab-
HUX PIiBHSHB (2), ska 3a0e3mnedye 3aJaHUH PiBEHb ITOMUTY
akropiB CIC Ha KOHTEHT i3 BpaXyBaHHAM yIpPaBIiHHA (5) Ha-
OyBae BHDIANY

dx_(t): ax—xy—bxz‘

dd(f) ’ ©)
y(t 1
7=(ax—xy—bx2)(81 +282x)_?w(t)'

300pakyroya TOYKa CHHTE30BAHOI HENiHIHHOI CUCTEMHU
(6) pyxa€eTbcst 3I0BXK CTAOLII3yI0uoro iHBapianra (3) BiAMOB-
imHO 110 mudepeHIianbHOro PiBHIHHS

dxw

7=xw(a—xw(sl+82xw)—bxw)_ (7)

Judepenuianbue piBHsHHS (7) € pIBHIHHIM JIOTICTHY-
HOTO THITY, [0 HiATBEPI)KYyE BUMOI'Y BpaxyBaHHS [IPU BH-
60pi aTpaxTopa V,, (t) 0COOJIMBOCTEH MOBEIHKH aKTOPIB Y
CIC, a came 3MiHy B 4aci IIIHHOCTI KOHTEHTY, 110 CTAHOBUTh
iHTepec, i, SIK HACIIIOK, 3MEHIIICHHS TIOIUTY Ha HbOTO x(t).

JHocnigumo Ha crilikicts audepeHiianbie piBHHHS (7),

BHKOPHUCTOBYIOUH (yHKIito JlsmyHosa V = O,SX\%, [16]. Hus

LHOrO 3aMUIIEeMO MOXigHY Bi QYHKIII }/ i3 BpaxyBaHHIM
nudepeHmiaabHoro piBHsHHS (7)

dv
V'=— :xi(a—xw(sl+szxw)—bxw)<0 (8)
dt x'W:xw(a—.xv(sl+£2xw)—bxw) :
I3 HepiBHOCTI (8) BU3HAYUMO YMOBH aCHMIITOTHYHOL
CTIMKOCTI CHHTE30BaHOI cucTeMH auQepeHIlialbHUX PiBHIHb

(6). Jlns monuty axtopie CIC Ha KOHTEHT Xy, (l ) > 0 noxigna
Bix dyHkuii JIsmyHoBa J' < (), SKIIO

a>0,b>0,8 >0,8>0, & +eyx, >b. )

Omxe, NpY BUKOHAHHI HepiBHOCTEH (9) cuHTE30BaHa CH-
cremMa HeNiHIMHUX nudepeHLialbHuX PiBHAHB (6) BOJOIIE
BJIACTHBICTIO ACHMIITOTHYHOI CTIMKOCTI BIZIHOCHO CTaHy x = (),
y =0. I3 gudepenmiaasuoro piBHsHHA (7), BPaXxOBYIOUYH
yMOBH (9) OTpUMAaEMO 3HAYEHHS TOYOK CIUIECKY CHHepre-
THYHOTO edexTy ams monuTy Ha KoHTeHT akropiB CIC x,, i
HPOTO3HIIi y,,, B AKHX CHCTEMa J0csATae 0aKaHOTo CTaHy Ha
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(a3oBiil TIOMMHI

I
xU=—5—(b+q—Jﬁ+ﬂﬁq+q2+mw2}
€

Yo =613, — 6%y - (10)

4 EKCIEPUMEHTH

BrkoHaeMo OCITiDKEHHS 3MIHH OIUTY HA KOHTEHT aKTOPIB
CIC, BukopHCTOBYIOUH MeToq (Pa30BOi IUIOIIUHH SKICHOT Teopil
JwQepeHtTianbHIX piBHSAHE 3acodamu Moyt PPLANES i ma-
KeTy IMpHKIagHux nporpaM MatLab. Hexait mapamerpu mocmi-
JDKYBAaHOI CHCTEMH HENHIHHUX Ju(epeHIiaTbHIX piBHIHD (1)
npuiiMalors 3Hauenns a = 0,7, b =0,5, ¢ = 0,4, Toxi rpadix
3MiHN rormTy 1 nporo3umii korTeHTy B CIC Ta dasosuit mopr-
peT cHCTeMH BUNIIAIOTH SIK MOKa3aHO Ha pHC. 1.

Ha ¢a3oBomy moprpeti (puc. 1a) BHAHO, IO CHCTEMa He-
TiHIHHAX qudepeHmiaTbHIX PiBHAHS (1) Mae cTamioHapHy TO4-
Ky THIy (OKYC, B SIKill MEpeXOAUTh JI0 KEPOBAHOTO CTaHY 3a
qac ¢ = 4() 1 monut aktopiB CIC Ha KOHTEHT pHAMaE 3HAYeH-
wst x = 0,4, a nporo3uitist 3 HamauHs KoHTeHty ¥ = 0,5.

INpoanamizyemo 3miHy oty axtopiB CIC B pesymbrari it
CHHTE30BAaHOTO CHHEPIeTUYHOTO YMpPaBMiHHA (5) U1 CHCTeMH
(1), mo ¢opmanisye B3aemonito akropi y mesxomy CIC. Hexait

x(t)os

! ! ! | ! i H

y(t) : x() i i ! : :
s s B B s sy

06 i i : : i

: P ] 1
05} - .....V......:...‘:"h..‘:_:t... e
e N e
ot e .
0.2 S
01 SO SO SO

0 i i
] 30 35 40

HapaMeTpy HeiHIMHOI CHCTeMH (epeHIiaTbHAX PIBHSAHB (6)
HaOyBatoTb 3Ha4eHb ¢ = 0,7,5=0,5,&; =1,5,65 =1,1, T =1.
PesynsraTét MOIETIOBaHHS HaBEICHO Ha pHC. 2.

B pesynerarti mii CHHTE30BaHOTO YHPaBIiHHS cucTeMa (6)
KEpOBAaHO IIEPEXOAUTH 10 Oa’kaHOTO CTaHy B TOYII CIUIECKY
cuneprerudHoro edekry x,, = 0,31 y,, = 0,55, ska € cramio-
HapHOIO TOYKOIO THITy (hOKyc, a (ha30Bi TPaeKTopii CHHTE30Ba-
HOI CHCTEMH OpTaHIi30BaHO MPSMYIOTh O OOPaHOTO Mapamer-
pa nopsaky W, (X, y) = 0. BHac/iz0k cHHEPreTUYHOro yrpas-
JIHHS, IO peajli3oBaHe SK 3BOPOTHii 3B S30K, y TOUI CILIECKY

CHHEPIETHYHOTO e(eKTy 3 KOOpAUHATAMHU (xo ; yo) JIOCSTA€ETh-

¢4 3MeHIIeHHs oty akropis CIC x(t) Ha KOHTEHT.
Perymspmsamito nomiry akropis CIC x (t) Ha KOHTEHT pea-

Ji30BaHO BapilOBaHHSIM IApaMETPIB € 1 €y CHHTE30BAHOI CU-

CTeMH HeHIMHUX TuQepeHniaTbHux piBHAHG (6). B Tadm. 1
HaBEJICHO PEe3yNBTaTH PO3PaxXyHKy 3HA4eHb (pa30BHX KOOPAH-

HAT TOYKH CIUICCKY CHHEPIETHIHOTO e(eKTy (xo; Y )
I'padigne 300paxkeHHS ITOBEPXHI 3aJEKHOCTI PIBHA II0-
muty akTopiB CIC Ha KOHTEHT x(t) BiJ TTapaMeTpiB peryis-

pu3alii IONMTy €; 1 KOHKYPEHLII Ha IMyOmiKamito aHajIorid-
HOTO KOHTEHTY €, IIOJaHO Ha pHC. 3.
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Pucynok 1 — Cucrema y crani JUHAMIYHOTO Xaocy: a) rpadik 3minu monuty i npomno3uiii kouteHty B CIC; 6) dha3zoBuii mopTper cucremu
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Pucynok 2 — Cucrema y KepoBaHOMy CTaHi: a) rpadik 3MiHu monuty i npomosuuii kourenty B CIC st nodarkoBux sHadens X = 0,5 i

Yo = 0,85; 6) hazoBuit mopTper cucTeMu
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Tabmuus 1 — KooparHaTH TOUKM CIUIECKY CHHEPTETHYHOTO €EKTy

Koediricnr Koeq)iuiem‘m CT/[‘:;“ CILIECKY
.. | perymspusawii PrETHIHOTO
peryisipysanil koHKypemil 58 edpexty (xu Dy )

TOMATY &) nybrikamio &,

xU yU

0,5 0,48 0,46

1 0,37 0,51

1,5 er =1 0,30 0,54

2 2 0,25 0,57

2,5 0,22 0,59

3 0,19 0,61

0,5 0,41 0,50

1 0,37 0,51

I 15 035 | 053

1 2 033 0,54

2,5 0,31 0,55

3 0,29 0,55

Pucynok 3 — IloBepxHs 3MiHM 0a)kaHOro PIiBHS IOMUTY aKTOPIB Ha
KOHTEHT

5 OBI'OBOPEHHSA

Pe3ynbTaToM BIUTHBY CHHTE30BAaHOTO CHHEPIeTHYHOTO YIIPaB-
niHHs B3aemogiero akTopiB y CIC € mosiBa mporieciB camooprati-
3alii, i Ji€ro SKuX BinOyBaeThCs Mepexil Bil XaOTHYHOT JHHAM-
ik# 10 KepoBaHOTO crany. [Ipu mpomy cucrema i3 Gyab-sKOro
CTaHy TEPEeXOANUTh Ha aTpaKTop \y(t) =0, 10 SIKOMy PyXa€TbCst
JI0 TOYKH CIIECKY CHHEPreTHYHOro e(eKTy B3a€MOJil akTopiB, B
SIKI JOcsraeThesl 3aJaHUi PiBEHb MOMUTY HAa KOHTEHT x(t ) Ha
IHBapiaHTHOMY Pi3HOMAHITTI peaji3yeThCcsi PEAYKIis CTYIEHIB
CcBOOO/IM HENIHIHHOT JUHAMIYHOI CHCTEMH, IO CIIPOILYE MPOLEC
MIATPEMAHHS 3aJaHOTO PIBHS IOMHUTY aKTOPIB HUIIXOM Bapiro-
BaHHs NApaMeTpiB Perynspu3alii NOMUTy € i KOHKypeHILii ak-
topie CIC Ha myGnikamiilo aHamoriYyHOro KOHTEHTY &j.
B oxpemux BHmamkax migTpUMaHHS O2)KaHOTO PIBHS ITOIHUTY aK-
TopiB Ha KOHTEHT B CIC mocsAraeThcst B pe3ylbTari 3MiHH TUTBKH
OJIHOTO i3 MapaMeTpiB CUHEPreTHYHOIO YIPABIHHS £] YU &), IO
CIIPOILYE Ta MiIBHUILYe e(EKTUBHICTH MPOLIECIB yIPABIiHHS B3a€-
Mogieto aktopiB y CIC, sika HaneXHTh 10 KJIACY CKJIaJHUX CHCTEM.

BUCHOBKHA

Posmsnyro cnocid mryyHoro mintpumanHs B akropis CIC
3aaHOTO PIBHA 3aL[IKaBICHOCTI IO KOHTCHTY, 10 CTAaHOBHUTH 1HTE-
pec, sIKuil TPyHTYEThCSI HA BAHUKHEHHI CHHEPreTHIHOTrO edeKTy
BHACIIZIOK 3aIlyCKy IpoleciB camoopranizamii aktopi y CIC.
Touka CIUIECKYy CHHEPreTHYHOrO e€EeKTy € NPHUTITYIOYUM aTpaK-
TOPOM CHCTEMH, Ha SIKOMY PEali3yeThCsl PEAYKIlisi CTYIIEHIB CBO-
00711 BUXITHOT CHCTEMHU HENMHIMHUX AU(PEPeHIIAIbHUX PIBHSIHb 1
3a0e3MevyeThCsI CIPOLICHHS TIPOLIECY TOCSITHEHHS TOCTABICHUX
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3aBnanb B3aemonii aktopiB y CIC. EdextuBHe ynpasiiHHS B3ae-
MOJII€I0 aKTOPIB 3/IHCHIOE CHHEPreTHYHO KepPOBaHUM mepexin 10
3a/IaHOro CTaHy iH(poOpMaNiifHOT Oe3MeKH BipTyaJbHOTO CIIBTOBa-
puctsa. [Tonanemi gocnikeHHs: OyayTh HamlpaBleHi Ha BUPOO-
JICHHSI peKOMEH/Iallii 110 peai3alil CHHEPreTHYHOrO YIPaBIIiHHS
B3aemoxieto aktopiB CIC st mepexoay BipTyaJIbHOTO CIIBTOBa-
pHCTBa 10 OaxaHoro craHy iH(popMauiitHoi Ge3nexy.

MOASAKHA

PoGora BuKoHaHa Ha Kadepi KOMIT I0TepHHX TEXHOJIOT i 1 Mozie-
JIOBAHHS cHcTeM JKUTOMHPCHKOIO HAIIOHAIBHOIO arpOeKOJIOrYHO-
TO YHIBEPCHTETY B paMKaxX TOCIIZIOrOBIPHOI HayKOBO-IOCIITHHIIBKOL
Temu «MeTozororis HoOYI0BY CydacHnX iH(OpMaNiiHIX TeXHOMOr il
aHa3y 1 BiioOpakeHHs! cTaHy iH(opMalliifHOi Ta eKooriaHoi Oe3re-
ku neprkasu» JIPNe 01150004181 3a cripusiHHsL HayKOBO-IOCIIIHO-
ro Binaity iHdopmaniliHoi Ta KibepHeTHYHOI Oe3I1eKN HayKOBOrO LIeH-
Tpy XKuromupcrkoro BifickkoBoro iHctutyry iM. C. I1. Koponsosa B
0c001 HaYaIbHKUKA BTy — I.T.H., C.H.C. P. B. ['pumryxka.
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Mononenkas K. B.

Kanpj. TexH. HayK, JOLEHT, JOUEHT KadeIpbl KOMIBIOTEPHEIX TEXHOIOTHH M MOJEIUPOBaHUS cHcTeM JKHTOMHPCKOrO HAaIMOHAIBHOTO
arpodKOJIOTHYECKOT0 yHUBepcuTeTa, JKutomup, YkpanHa

CIIOCOBb NOAAEPKAHNSA 3AJAHHOTI'O YPOBHSA CIIPOCA AKTOPOB COIIMAJIBHBIX HHTEPHET-CEPBUCOB
HA KOHTEHT

CoBpeMeHHbIe CONUANbHbIe HHTEPHET-CEPBHCH] SBIIIOTCS HOBEHIeH BUPTyanbHOU IIaTdOpMOH, KOoTopasl obecriednBaeT OHJIAHH KOMMYHHKa-
IIUI0 MEXIY y9aCTHHKAMH COOTBETCTBYIOIIUX BUPTYAIBHBIX co00ImecTB. I1omyIspHOCTS COIHANBHBIX HHTEPHET-CEPBHCOB, KPOME BCEX HX IOJIO-
JKUTEIBHBIX KOMMYHHKAITHOHHBIX BO3MOXHOCTEH, MOPOKIAeT Psi| IMOTCHIHAIBHBIX YIpo3 HHQOPMAMOHHON 6€30MacHOCTH JUYHOCTH, OOIIECTBa,
rocynapcTBa. B 4acTHOCTH, 0COOEHHO OIacHBI YTpo3bl, HANPaBIIEMBIX 3JIOYMBIIICHHUKAMI Ha MAaHUIIYJIHPOBAaHHE OOIIECTBEHHBIM CO3HAHHEM.
ITpu >ToM SBIEHHS CONUANLHON KOMMYHHUKAIlUH, BOSHUKAIONINE BCICACTBHE B3aHMOJCHCTBUS aKTOPOB, XapaKTEPU3YIOTCS HEIPeCKa3yeMOCThIO
IIPOIeccoB. DTO NPUBOJUT K BO3HUKHOBEHHIO COCTOSHUS HEYNPaBISIEMOrO Xaoca, KOTOPHIH HMMeeT HEeMOCPEICTBEeHHOe oTpaxkeHne B oddmaiine. C
[eNbI0 00eCHedeHns] yIpaBIsIeMOCTH TaKUMH IIPOIECCAaMH B CTaThe IIPEJIOKEHO UCIIONH30BAaTh KOHIENINIO CHHEPreTHIECKOTO YIIPaBICHHS
B3aHMOJCHCTBHEM aKTOPOB B COLMANBHEIX HMHTepHeT-cepBHcaX. CHHTEe3HpyeMoe B pe3ylbTaTe CHHEpreTH4eckoe yIpaBIeHHEe o0ecleunBaeT
IIOBBIIICHUE YCTOWYHBOCTH BHPTYaIbHBIX COOOIIECTB K NECTPYKTUBHBIM BO3JEHCTBHSAM B pa3pe3e YIPaBIEHHS CIIPOCOM aKTOPOB Ha KOHTEHT B
COIMANBHBIX HHTEpPHET-cepBHcaX. Ha ocHOBe BHIOpaHHOrO AMHAMHYECKOrO HHBAPHAHTA II0Ka3aHAa BO3MOKHOCTH OOECIIeUeHHs IPOTEKaHHS B
BUPTYaIbHBIX COOOINECTBAX IPOLECCOB yIpaBIIEMON CaMOOPraHMU3alUy aKTEePOB JUIL Iepexofa CHCTEMBI B YIPaBIsIeMOe IIOJKOHTPOIBHOE COCTO-
siHUe. BBIOpaHHEI! B CTaThe aTTPaKTOp yYHUTHIBAET 0a30BbIe OCOOCHHOCTH KOMMYHHUKAIIMH aKTOPOB, TAKHE KaK M3MEHEHHE BO BPEMEHH LEHHOCTH
KOHTEHTa U 0o0ecIIedeHHe TOCTHKEHNUs [OCTABICHHOH IeM OT B3aHMOJCHCTBHS aKTOPOB BHUPTYAILHOTO COOOIIECTBA B TOUKE BCIIECKA CHHEPreTH-
geckoro d¢dexra. B pesynsrare Bo3meHcTBHS CHHTE3HPOBAHHOIO CHHEPIEeTUYECKOTrO YIpaBJICHHUsS Ha HMHBapHAHTHOM MHOTOOOpPa3sHH pealn3yercs
penyKIUs CTeHeHel cBOOOAB! HEIMHEWHOH NMHAMHYECKOH CHCTEMBI — Ipolecca B3amMozeHcTBus. Kak ciencrBue, ympomaercs Iponece UCKyCceT-
BEHHO YIPaBISIEMOrO MOAJEpXKaHHs 3aJaHHOTO YPOBHS CIIpOca aKTOPOB M oOecIeduBaeTcsl yAauHbIH CcTapTal HOBBIX OpPEHMIOB.

KarueBsle ci0Ba: colualbHbIe HHTEPHET-CEPBHCH], B3aUMOJECHCTBHE aKTOPOB, CIPOC HAa KOHTEHT, JUHAMHYECKUI Xaoc, CHHepreTuiec-
KOe yIpaBJIeHHe, aTTPaKTop, HHPOpPMAIHOHHAS 0€30HacCHOCTb.

Molodetska K.

Ph.D., Associate Professor of IT and Simulation Department at Zhytomyr National Agro-Ecological University, Zhytomyr, Ukraine

METHOD OF MAINTENANCE THE SPECIFIED LEVEL FOR SOCIAL NETWORKING SERVICES ACTORS’ MARKET FOR
THE CONTENT

Modern social networking services are a brand-new virtual platform to host online communication between participants of virtual
communities. Social networking services having good communicational capabilities and thus enjoying popularity bear a number of potential
threats to individual, social and national information security. The greatest are threats aimed to manipulate the social mind. Social communications
resulting from the actors’ interactions yet feature unpredictability of the processes. This creates an uncontrolled chaotic state that glasses itself
offline. It is suggested in the paper to apply the concept of social network actors’ interactions synergetic control to those processes. The
synergetic control synthesized improves the social proof tolerance by controlling social networking services actors’ market for attractive
information. The dynamic invariant chosen shows the possible controlled self-organization process in a virtual community to drive the system
transition to the controlled state. The attractor shown in the paper factors such basic features of the actors’ communication as the content
value time shift and the virtual community actors’ interactions goal hit in a synergy splash point. Under synergetic control the degrees of
freedom of a nonlinear dynamic system get reduced on the invariant manifold as a result of the interaction process. That simplifies the content
market management and promotes new startups.

Keywords: social networking services, actors’ interactions, content market, chaotic dynamics, synergetic control, attractor, information
security.
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